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Abstract 
The electrical and structural properties of thin film bismuth deposited under 
various growth conditions, onto substrates of glass, silicon and gallium arsenide 
have been investigated. These have been analysed by four point probe 
measurements, X-ray diffraction and by direct SEM and FIB imaging. The 
systematic investigation of the affect of growth conditions led to the discovery of 
the prolific growth of bismuth nanowires protruding from the surface to a length 
of 100 IJm. 
This thesis explores some of the process conditions of sputtered and 
evaporated bismuth. It has been shown that RF sputtered films grown at a 
relatively low rate (1 A/s), elevated temperature (160·C) and high sputtering 
pressure (10 mTorr), result in the highest levels of mobility (1000 cm2Ns) and 
magnetoresistivity (6% at 0.55 T). X-ray diffraction has shown that the structure 
of sputtered films deposited at temperatures up to 110·e, consist of a number 
of crystal orientations with a strong texturing towards the (111) plane. Above 
this temperature the texturing reduces substantially. This is compared with 
evaporated films which are highly (111) orientated at all measured 
temperatures. Images of RF sputter films, deposited at 160·e show grains 
approaching 500 nm in diameter for a 500 nm thick film. 
This thesis also details the prolific and spontaneous growth of bismuth 
nanowires during sputter deposition onto substrates of glass, silicon and 
gallium arsenide, held at temperatures between 30·e and 145·e. These 
nanowires are grown using a pure bismuth target, without a precursor layer and 
have been shown to form irrespective of deposition angle or exposure to 
elevated post-deposition temperatures. This growth direction seems to be at an 
angle from the surface, consistent with the angle between the rhombohedral 
(111) and (110) direction. RF sputter deposition onto GaAs(100) at a 
temperature of 11 o·e produced the longest nanowires (>100 IJm). 
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Glossary and Acronyms 
Semimetal- A substance possessing some of the properties of both metals 
and nonmetals due to a small overlap in the energy of the conduction band and 
valence bands. 
Sputterlng- The technique of using ionised atoms to bombard a surface, 
removing atoms by momentum transfer at the surface. 
Ordinary Magnetoresistance- The property of a material to change its 
electrical resistivity when an external magnetic field is applied to it. 
Equilibrium Vapour Pressure- The pressure of a vapour in equilibrium with 
its non-vapour phases. 
Saturation Ratio- The ratio of the vapour pressure of a material and its 
equilibrium vapour pressure at a specific temperature. 
Adsorptlon- Process of accumulation of atoms or molecules on the surface of 
a material. 
Substrate- Material surface onto which particles are deposited 
Adatom (Adsorbed atom)- Atoms that have undergone adsorption onto a 
substrate and now exist on the substrates surface. 
Capture Zone- Area defined by the critical radius from a nucleus within which 
adatoms are incorporated into the growing nucleus. 
Critical Size- The size of a growing nucleus of adatoms, at which point the 
mean residence time of an ad atom is large enough such that the nucleus will 
not dissociate and re-evaporate from a substrate surface. 
Mean Residence Time- Mean time for an adsorbed atom to remain on the 
surface of the substrate surface. 
Coalescence- The merging of two or more nuclei into one body 
Hall Effect- The production of a potential difference (Hall voltage) across an 
electrical conductor, transverse to an electric current within the conductor, due 
to the presence of an applied magnetic field perpendicular to the current. 
Outgassing- The slow release of a gas that was previously 
adsorbed/absorbed in some material. 
Hi 
Magnetron- The magnetic assembly which confines the plasma to the target 
region during magnetron sputtering. 
Plasma- A partially ionized gas in which the charged particles have a small 
enough separation such that each particle has an influence on many others 
nearby. as opposed to just the nearest neighbours. 
Desorption- Process by which atoms or molecules are released from a 
surface. The reverse of adsorption. 
S.E.M.- Scanning Electron Microscopy. 
F.I.B.- Focussed Ion Beam. 
S.I.M.S.- Secondary Ion Mass Spectroscopy. 
X.R.D.- X-Ray Diffraction. 
M.B.E.- Molecular Beam Epitaxy. 
E.D.X.- Energy Dispersive X-Ray analysis. 
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CHAPTER 1 INTRODUCTION 
1.1 INTRODUCTION 
The thin film industry has been at the forefront of technology, developing 
applications for a range of purposes, from transistors and solar cells to 
nanoparticJes of catalytic materials and nanowires. In recent decades, the 
ability to manipulate materials on an increasingly small scale has been 
developed. As the underlying mechanisms associated with materials of very 
small dimensions are understood, the unique properties that they exhibit when 
reduced to the nanoscale have been extensively studied and subsequently 
exploited. Semi-metallic materials are one family of materials believed to be 
worthy of such study at the nanoscale. 
Semi-metallic materials possess a number of interesting electrical 
characteristics that are 'in-between' a metal and a semiconductor. This unique 
feature of semi metals means that they have a very low carrier concentration 
and a high resistivity. A unique property arising from the low carrier 
concentration is that the carrier mean free path is very long compared with 
other materials and provides a very high carrier mobility. This makes semi 
metals of interest to the electronics industry for such applications as 
magnetoresistive sensors and for the investigation and exploitation of quantum 
effects. Several group V metals belong to the group of semi metals but it is 
bismuth that exhibits the largest resistivity of all metals. However, these 
properties are influenced by the microstructure, which for thin films varies 
according to the deposition method and specific conditions. Subsequently, the 
choice of deposition technique and growth conditions will result in films of 
differing electrical properties. 
One common method of growing materials of nano dimensions is by 
evaporation, in which the material to be deposited is heated in a vacuum 
environment until it evaporates. This material is transported across a vacuum 
and condenses onto a substrate to form a film atom-by-atom. Magnetron 
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sputtering is another, more sophisticated, technique that uses a magnetic field 
to remove atoms from the target material through ion bombardment. It is these 
differences between the transport and growth mechanisms, along with the 
careful control of the deposition conditions, that result in the thin films exhibiting 
properties unique to the method. It is this ability to control the resulting 
properties of the thin films that has driven the research that is reported in this 
thesis. 
Bismuth thin films have been the focus of many evaporation studies due to its 
unique properties as a semi metal. However, the low melting point of bismuth 
makes sputtering bismuth very difficult to perform at a rate usually attained with 
sputtering, requiring careful control of the power delivered to the target and very 
effective target cooling. Consequently, there have been very limited 
investigations into sputtered bismuth, especially at low deposition rates whilst 
utilising elevated substrate temperatures. Therefore, these are the subjects 
addressed in the research detailed in this thesis. 
During the course of the research conducted, a rather interesting discovery has 
been made regarding the growth of bismuth using magnetron sputtering at very 
low powers (- 1 W/cm2) and a narrow temperature range (30-145°C). Imaging 
of the films showed the formation of whiskers, later referred to as 'nanowires' 
(due to their uniform diameter and the lengths achieved), protruding from the 
surface of the film. These have been formed by the direct growth of elemental 
bismuth onto a variety of substrates (glass, silicon and gallium arsenide), and, 
to the authors knowledge, has not been reported in other literature to date. In 
addition, the nanowires have been observed to form intersection junctions, a 
phenomenon also believed to be unique to this work. It is the very unique 
properties of bismuth which makes the discovery of such nanowires and 
intersecting wires so interesting. For this reason a section detailing the 
properties of bismuth follows. 
Nanowires and nanostructures have recently become an important area of 
scientific research and investigation. Their use in emerging electronic, catalytic 
and optical applications is becoming more widespread as the ability to produce 
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high quality nanowires is achieved. The unique properties of bismuth explained 
in the following section, outlines the possible applications of nanostructures and 
the development of such structures for the investigation of quantum effects. 
1.2 BISMUTH 
Bismuth has been the subject of many studies over the last century for a 
number of reasons. (1; 2) Bismuth, as with antimony and arsenic, is a semimetal: 
a metal that has a small overlap in energy levels, between the top of the highest 
valence band and the bottom of the lowest conduction band. In such a 
configuration the electrons that would have filled up the valence band occupy 
the bottom of the conduction band, resulting in a small number of electrons in 
the conduction band and an equal number of holes in the valence bandY) 
The most notable observation made from semimetals is that they exhibit 
unusual electrical properties. In particular they have very high resistivities when 
compared with those of metals. Semimetals have carrier densities that are 
between two and five orders of magnitude less than metals, and therefore have 
small effective electron masses and very long carrier mean free paths. (4) 
Bismuth is found to exhibit the lowest carrier concentration of all metals, thus 
making it the elemental metal with the highest resistivity. It's very low effective 
electron mass also means that it is the most electronegative element in the 
periodic table. All these properties make bismuth unique in terms of a very high 
mobility and other electrical properties. For example, bismuth also exhibits 
ordinary magnetoresistance (OMR),(6; 7) whereby the resistivity of a material 
increases under the influence of an external magnetic field. Metals such as 
copper and silver only experience low OMR values, typically less than 1 % at 
1 T, but bismuth can exhibit OMR values 100 times greater than this, although 
so far this has only been reported in single crystal or highly crystalline bismuth. 
Bismuth has been extensively studied in very small dimensions (that is as thin 
films and nanostructures) because the large mean free path enables classical 
and quantum size effects to be studied. Such studies are possible as the mean 
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free path of the conduction electrons exceeds the dimensions of the 
nanostructures. For example bismuth nanowires are of the order or a few 
hundred nanometers diameter, but (at 4K) the mean free path is 400 iJm. (5) 
Consequently, bismuth nanowires have attracted a great deal of interest, 
regarding their potential application to quantum measurements. (6) 
Current methods for producing bismuth nanowires generally consist of forming 
an array of wires from hot liquid casting in an alumina template. This method is 
not ideal for investigating single wires or for their manipulation, as the presence 
of the alumina template results in complications for their individual extraction. 
In addition, thin film deposition techniques, such as sputtering and evaporation 
have resulted in the growth of polycrystalline films, with grains ranging from a 
few nanometers to hundreds of nanometers diameter, rather than the desired 
single crystal structures. However, the results presented in this thesis show the 
growth of nanowires that are indicative of single crystal structures. 
The nanowires presented in this thesis are self supporting and show the ability 
to form physical junctions between nanowires, showing the potential for forming 
self assembled structures and junctions. This may allow for the 
commercialisation of nano sized Hall Effect sensors and even self assembled 
sensor arrays. 
This project is aimed at exploring the electronic properties of bismuth when 
grown using various deposition techniques, under different growth conditions. 
However, since the microstructural integrity of the films influence the resulting 
electronic properties, the crystallographic and microstructure of the bismuth 
films will also be considered, and so information regarding the structure of 
bismuth is detailed below. The effect that the differing growth conditions have 
on the resulting nanowires will also be detailed in order to form a basis for 
further detailed workings on bismuth nanowires, and potentially nanowires of 
other materials. 
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1.3 BISMUTH STRUCTURE 
Bismuth, along with other group V semimetals such as As and Sb, all have the 
A7 crystal structure,(8) usually referred to as the Arsenic structure.(9) The A7 
structure has a rhombohedral unit cell, containing two atoms. The 
rhombohedral structure of bismuth can be thought of as a simple cubic 
structure, stretched along its diagonal axis. This axis becomes the trigonal 
(111) axis shown in Figure 1 and retains threefold symmetry.(9) In terms of 
stacking and growth within the work reported in this thesis, the rhombohedral 
structure is most easily described in terms of a hexagonal structure as shown in 
Figure 1. 
a 
Figure 1 Bismuth Unit Cell where ar, br and Cr are the abc planes of the 
rhombohedral strucutre and ah, bh and Ch are the abc planes of the hexagonal 
strucutre 
Figure 1 shows the trigonal axis of the bismuth structure, which indicates the 
(003) direction of the hexagonal crystallographic structure(10; 9) and the (111) 
direction of the rhombohedral crystallographic structure. (9; 8) The JPCDS X-ray 
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standard of powdered bismuth, analysed using X-rays of 1.54060 A 
wavelength, is shown in Figure 2. 
211 0-11 
111 
~ \ I 
o 15 26· 
Figure 2 Bismuth Powder Diffraction Pattern with relavent peaks of the 
rhombeheral surface highlighted 
Throughout this thesis it will be primarily the (003)HexJ(111 )Rhom and 
(012)HexJ(110)Rhom planes that will be of concern. These planes are shown 
shaded in Figure 3 
The hexagonal cell has parameters of a = 4.5460 A and c = 11.8620 A with 
angles of 90·,90· and 120·.(8) The rhombohedral stucture has cell parameters 
of a = c = 4.7459 A with a rhombohedral angle of 57.237· and means that the 
hexagonal (012) plane exists at 71· from the c axis direction and the hexagonal 
(003) plane. 
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c 
Figure 3 (012)HeX/(110)Rhom Plane (003)HeX/(111 )Rhom Plane 
1.4 THESIS OUTLINE 
In this thesis, the details of a study are presented, concerning the deposition of 
bismuth thin films grown by the techniques of Pulsed DC and RF magnetron 
sputtering and resistive evaporation. The influence of varying substrate 
temperature during deposition, deposition rate, film thickness, and in the case 
of sputtering, the sputtering pressure, are investigated with regard to the 
electrical properties and microstructure. 
In order to achieve this, interpret and appreciate the obtained results, it is 
important to have an understanding of film growth mechanisms, growth 
techniques and the analysis techniques involved in such a study. 
Subsequently, chapters 2-5 provide an outline of these topics. 
Initially, bismuth films of differing thicknesses were deposited onto glass 
substrates by magnetron sputtering and evaporation. The electrical properties 
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of those films were analysed, and X-ray diffraction (XRD) was used to gain 
microstructural information. These results are presented in chapters 6 and 7 
respectively. 
As the extremes of growth conditions were highlighted and preferential 
electrical properties were found, further experiments explored the differences 
between Pulsed DC and RF sputtering modes, presented in chapters 6 and 7. 
In addition to such studies, the choice of substrate material was also 
investigated, analysing the microstructural properties of films grown on 
silicon (100), silicon (111) and gallium arsenide, compared to glass substrates 
and reported in chapter 7. Further to such studies of bismuth, the properties of 
two types of bismuth composites deposited onto glass substrate are also 
reported. These were films of bismuth with aluminium and bismuth with copper, 
which were analysed and compared to bismuth films. Following this, films of 
antimony deposited onto glass, silicon (100) and silicon (111), also a semi-
metal, are deposited using RF sputtering. These films were analysed in terms 
of microstructure and compared alongside bismuth thin films. 
A more detailed characterisation of the films microstructure was undertaken 
using a focused ion beam (FIB) to provide cross-sectional imaging of the films. 
This analysis was undertaken for Pulsed DC and RF sputtered thin films 
deposited onto the cold est and hottest substrate alongside samples of bismuth 
composites. Images of such cross sections and film microstructures are 
presented and discussed in chapter 8. Following such imaging of the cross 
section, most films have been imaged by scanning electron microscopy (SEM) 
in order to provide surface structure information and compare all growth 
conditions to the observed microstructure. 
Whilst undertaking such imaging, unique 'nanowire' structures were observed 
to grow and protrude from the surface of the bismuth films. Following the 
changes in deposition conditions prolific nanowire growth can be found under 
optimum conditions, where nanowires as long as 100 IJm can be found on a 
sample surface. Under the conditions of long prolific growth these have been 
found to form naturally intersecting structures around each other, forming a 
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physical junction between two wires. The quality of the junction, in terms of 
electrical properties, is yet to be fully established. However, the junction, 
believed to be the intersection between two single crystals, is shown to 
withstand significant stress, and is able to support it own weight. It has been 
shown that such self assembled structures can be removed from the film 
surface and placed onto a suitable receptacle for further analysis. Details of 
these wires and their formation are given in chapter 9, with specific details of 
the extraction of a self assembled junction reported in chapter 10. 
To the authors' knowledge, removal of such a self assembled junction has not 
been previously established. 
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CHAPTER 2 FILM FORMATION 
2.1 INTRODUCTION 
The unique properties of thin films are a result of the mechanism by which they 
are grown, essentially an atom by atom condensate. In such a growth situation 
factors such as substrate temperature, arrival rate, deposition material, and 
surface mobility significantly affect the film properties. In this section, these 
factors and the resulting effects upon film structure and growth will be 
discussed. 
Over the past few decades many studies have been devoted to the 
investigation of the affects of deposition parameters. As physical vapour 
deposition builds up a surface atom by atom, most deposition parameters are 
dependent on the various energies of formation and the various free energies of 
the film and substrate at various growth stages. Considering also that these 
are all surface effects and bulk values do not apply, not only for the film but also 
the substrate, these values are very difficult to determine. These are primarily 
material, substrate, pressure and energy dependent, in essentially 
non-equilibrium conditions. Considering these factors it is easy to see that an 
accurate model for all systems is almost impossible to determine. For detailed 
mathematical derivations for thin film deposition, the reader is referred to 
Maissel and Glang(ll) which the author found invaluable. This section will 
consider many of the impacts of the equations from Maissel and Glang,P1) with 
particular reference to the deposition of bismuth and antimony from both 
evaporation and sputtering perspectives. 
2.2 NUCLEATION 
All films in this study are grown from vapour phase deposition techniques. 
Evaporation takes place by thermally evaporating material from a source whilst 
sputtering is by momentum transfer to target atoms. In order to grow a film in 
these conditions the vapour must condense onto the substrate in question. (11: 12) 
Normally for condensation to occur, the partial pressure of the vapour must 
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equal or exceed the saturated vapour pressure of the material in bulk, at the 
deposition temperature. The vapour partial pressure is also known as the 
saturation ratio, 8, and is given by, 
P 
s=-
Po 
1 
where, P is the vapour pressure of the material in question and Po is the 
equilibrium vapour pressure at temperature Ts. Condensation is only possible 
when 8>1. If the saturation ratio is greater than 1 then it is referred to as the 
supersaturation of the vapour.(13) 
It must be noted that this is only the case for deposition onto a perfect substrate 
of the same material, or for further deposition once the film has already 
coalesced into a continuous film of bulk structure. In most cases deposition is 
onto a substrate that is energetically different. In this scenario we must account 
for a different phase where the vapour becomes adsorbed onto the surface of 
the substrate. Condensation begins when several adsorbed atoms combine 
together to form clusters known as nuclei, aptly named the nucleation stage. 
During the nucleation stage the large surface area to volume ratio of the nuclei 
results in a phase of much higher vapour pressure than that for bulk. For this 
reason a supersaturation ratio much larger than 1 is required for a stable 
condensate. Following this stage the nuclei gain more adsorbed atoms, 
forming a condensate from atoms arriving at the nuclei surface and form a 
continuous film forms. 
An impinging atom must be in thermal equilibrium with the substrate to become 
an adatom. The time before thermal eqUilibrium is reached has been found to 
be of the order of 2/u, where u is the frequency of the substrate lattice 
vibrations.(11) Once a vapour atom has become adsorbed onto the surface it 
has a mean residence time before re-evaporation. The mean residence time, 
Ta of an adsorbed atom is given by,P 1; 12) 
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2 
where Vo is the vibrational frequency of the adatom (_1012 sec"\(11) and I!J.Gdes 
is the free activation energy for the desorption process(negative) 
From equation 2 it can be shown that the growth of nuclei, from single adatoms 
to several adatoms, exponentially increases the mean residence time of the 
nucleus by increasing the activation energy of desorption, I!J.Gdes ' This leads to 
a predicted critical size, where Ta becomes large enough such that a nucleus, 
on average, will not dissociate and re-evaporate from the surface. This critical 
size is the size required for critical nuclei and therefore a permanent 
condensate. 
There are two common theories used to explain growth mechanisms in thin 
films: capillarity and atomistic models. Atomistic theory best describes 
condensation of materials with small critical nuclei. The capillarity theory 
correctly models trends of nuclei size and nucleation rate on substrate 
temperature, impingement flux and substrate constants; however, sometimes 
the capillarity theory fails to give quantitative information on critical nuclei sizes. 
Although the advantages of the atomistic model can be seen in the small critical 
nuclei area, the models become identical at the limit of large critical nuclei. 
Bismuth and antimony have very low melting points and are deposited at low 
deposition rates in this study. In addition both of these properties are inversely 
proportional to critical nuclei size and so in this text only the capillarity theory 
will be considered. 
2.2.1 Capillarity Theory 
Capillarity theory predicts that for a condensed nucleus the free energy of 
formation exhibits a maximum. That is, nuclei have a stability minimum with 
respect to re-evaporation as it grows through its critical size, when they are also 
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known as critical nuclei. This stability minimum arises from the large surface to 
volume ratio decreasing stability, whereas the free energy of condensation 
increases stability as the nuclei size increases. The critical nuclei size is given 
by,(11; 12) 
3 
with a corresponding free energy of, 
4 
here a1,2,3 are geometric constants, av"" as.c and as-v are the surface free energy 
of the nuclei, interfacial free energy of both nuclei and substrate, and surface 
free energy of the substrate, respectively. t:.Gv (negative) represents the free 
energy of condensation of the bulk and is given by,(11; 12; 14) 
kT 
t:.G = --lnS 
v V 
5 
where V is the volume of one molecule and S is the saturation ratio given in 
equation 1. Equation 3, for critical nucleus radius, clearly shows the 
relationship between the free energies of the vapour, film and substrate, as well 
as the affects of the saturation ratio and temperature on the critical radius. A 
graph of the variation of free energy of condensation with respect to nuclei size 
is shown in Figure 4, where t:.G* is given by equation 4. 
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Figure 4 The Free Energy of Formation of Nuclei , l'.G , as a Function of Nuclei 
Size, where the aggregate has a minimum stabil ity of l'.G* at r*(11 . 12) 
where ~G is the total free energy of an aggregate and is given by, 
6 
Figure 4 and equation 6 show that above the critical nuclei radius the r3 term in 
equation 6 dominates and the negative value of ~Gv will lead to a negative free 
energy of formation . This means that for nuclei beyond the size of the critical 
nuclei the stability rapidly increases. 
The critical radius is an extremely important factor in the nucleation of a thin 
film, as the arrival rate of atoms must allow for the formation of critically sized 
nuclei in order to form a permanent condensate . If the time that it takes to 
reach critical radius exceeds the mean residence time of the nuclei , it will 
evaporate from the substrate surface and not form a film. 
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2.2.2 Surface Diffusion 
It has been shown that nuclei grow to a critical size by adatoms impinging on 
the nuclei surface. This is the case when there is a high concentration of nuclei 
on the surface, and a high probability of an atom impinging on a nucleus. This 
is not necessarily the case when there are relatively few, large nuclei. In the 
scenario of few, large nuclei, the majority of adatoms incident on the nuclei 
arrive by surface diffusion from the surrounding area. Surface diffusion is the 
distance an adatom can diffuse during its residence time and is related to 
mobility by,(11; 12) 
7 
where rs is the radius through which an adatom can travel from its point of 
incidence, Ta is mean residence time as defined in equation 2 and Ds is the 
surface diffusion coefficient given by,(12) 
8 
here ao is an atomic dimension, v is the vibrational frequency of the adatom, as 
in equation 2 and Es is the activation energy for surface diffusion. 
Equations 7 and 8 show the radius from a nucleus within which adatoms are 
incorporated onto a growing nucleus. This is known as a capture zone, and 
represents an area where no more nuclei can form. Adatoms impinging within 
the capture area will be incorporated into the nucleus, whereas adatoms 
outside the capture zone can either form a new nucleus or re-evaporate.(11) 
This leads to nucleation growth only at preferential sites, such as substrate 
imperfections, temperature variations or impurities and can leave the remainder 
of a surface void of nucleation sites. This possibility can arise when mean 
residence times are very short, impingement rates are low and the critical 
nucleus is large. These situations, known as an initially incomplete 
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condensation, result in very low growth rates.(11) Once the nuclei have grown to 
a large enough size so that the total area of nuclei and capture zones 
approaches the area of the substrate, then almost all material impinging on the 
surface is incorporated into the film, known as complete condensation. 
Complete condensation assumes that no further nuclei re-evaporate from the 
surface, although in cases such as Stranski-Krastanov growth modes detailed 
in section 2.3 this can still occur. Due to the temperature dependence of the 
critical nucleus size and mean residence times, the difference between 
complete condensation and incomplete condensation is temperature 
dependant. The transition from complete to incomplete condensation has been 
found to be at 50°C substrate temperature for evaporated bismuth.(11) 
Of important note at this point is that much of the growth is dependent upon the 
growth rate, nuclei size, substrate temperature and the saturation level. Due to 
these differences the growth properties of thin films differ greatly between 
deposition techniques and conditions. 
2.3 BEYOND NUCLEATION 
So far we have seen how achieving critical nuclei is paramount to obtaining a 
deposition. Beyond the initial nucleation process it is important to understand 
how the critical nuclei and the whole nucleation process affect the structural 
properties of the thin film. To understand this it is best to consider the two 
extremes of critical nuclei. These are a small free energy of formation allowing 
the formation of critical nuclei with just two adatoms, and a large free energy of 
formation requiring a very large critical nucleus in order to become stable. In 
the first scenario the film surface, after an average of a few monolayers 
deposition will consist of many small clusters of atoms. These will be small due 
to the small critical radius and frequent due to the relatively high nucleation 
density. The second scenario will result in a surface of very large, but few, 
clusters. The large clusters are due to the large critical radius, and few in 
number due to the relative low nucleation density. (11) Thin films of very small, 
dense clusters form continuous films at relatively low thicknesses, whereas 
films of large, sparse clusters maintain island formation to very thick films. (11) It 
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is the resulting film structure defined by the nucleation stage that dictates the 
properties exhibited by all thin films. The nucleation stage defines grain sizes 
and coalescence of the film, affecting properties such resistivity, mobility, 
strength and roughness. 
It is this correlation between the nucleation stage and film properties which has 
led to extensive investigations of the initial stages of growth. The study from 
nucleation onwards has led to films being separated into three classes of 
growth: layer by layer (Frank-van der Merwe), island (Volmer-Weber) and layer 
plus island (Stranski-Krastanov). (12: 13) These growth modes are represented 
schematically in Figure 5. In the layer by layer mode, layers of material grow 
on top of one another and the free energy of formation is lower between the film 
and the substrate than between adjacent atoms. This is the mode generally 
attributed to films of very small critical nuclei, where the atoms are stable on the 
surface of the substrate in relatively small volumes. Island growth occurs when 
large clusters form individual islands which continue into very thick layers. 
These are formed from large critical nuclei, when the free energy of formation is 
lower between adjacent atoms than between atoms and the substrate surface. 
Layer plus island growth is the special case where the layer by layer conditions 
are met in the first few layers, due to the energy of formation being lowest 
between the atoms and the substrate, but as the film thickness increases the 
energy of formation becomes lowest between adjacent atoms.(12: 13) The 
current process for the transition between layer by layer growth and island 
growth in the Stranski-Krastanov mode is not fully understood but is thought to 
be due to surface strain in the first few layers of the film, leading to favourable 
layer growth initially and subsequent island growth. (12: 13) 
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Figure 5 The Three Main Growth Modes, adapted from references (12) and 
(13) . 
The growth modes shown in Figure 5 continue throughout the growth of the film 
affecting the overall grain structure. Films of layer by layer morphology 
generally consist of fine , dense grains and rather smooth films. Conversely, 
island growth results in very coarse grains and rather rough films. Layer plus 
island is somewhere in between these two extremes depending upon the extent 
of the island growth. Grain structure and morphology is incredibly important in 
thin films, affecting properties as diverse as electrical properties, where 
resistivity and mobility is sensitive to the mean free path of carriers and thus 
grain sizes, through to optical properties where surface roughness and grain 
boundaries affect reflectivity and transmission . For these reasons growth 
modes for thin films have become a main concern within thin film industries , 
and forms the motivation of this study. The growth properties and growth 
modes have been investigated for a number of deposition techniques and 
deposition conditions. 
2.4 DEPOSITION FACTORS 
We have seen in previous sections how a condensate is formed , nucleates and 
continues to grow into thin films. It is now important to understand how 
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parameters such as substrate temperature and deposition rate influence the 
growth processes and resulting thin film properties. 
2.4.1 Temperature 
Substrate temperature strongly influences thin film growth. Temperature 
dependence is most easily defined in terms of changes to the saturation ratio 
upon which almost all growth properties are dependent. Saturation is defined in 
equation 1 as the ratio of the vapour pressure of the material in question to the 
equilibrium vapour pressure at substrate temperature T.. As T. is increased, 
the vapour pressure of the material increases exponentially (as shown in table 
2 of reference (11)) implying that the saturation ratio is highly temperature 
sensitive. Temperature dependence is then also seen by the kT dependence of 
almost all the equations shown so far. In assessing the actual impact on film 
formation it is helpful to look again at equation 3. Differentiating equation 3 with 
respect to temperature and assuming an inert substrate, such that Us- v is 
negligible, and assuming that Uv- c - Us- c "" 0 gives, 
9 
using some typical values yields,(ll; 12) 
10 
From equations 9 and 10 it can be seen that increasing the substrate 
temperature for a constant deposition rate increases the size of the critical 
nucleus. This indicates that an island structure will be more pronounced at 
elevated temperatures and will make the formation of critical nuclei more 
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improbable. A rise in substrate temperature will also decrease the mean 
residence time as given in equation 2, and increase the diffusion coefficient of 
adatoms as in equation 8, leading to an enlarged capture zone. The increased 
size of the capture zone, as explained in the surface diffusion section, leads to 
a reduced area for further nucleation resulting in increasing the time before a 
continuous film can be achieved. 
2.4.2 Deposition Rate 
Deposition rate is directly controlled by the evaporating temperature for 
evaporation based deposition techniques and is controlled by target power 
when sputtered. These have been investigated during the work presented in 
this thesis and an understanding of the effects of deposition rate on the film 
structure is important. 
Taking into account equation 5, showing that llGv is proportional to In S, where 
S is the saturation ratio, which is a direct indication of deposition rate, it is 
possible to see the dependence of the size of the critical nuclei, r* on the 
deposition rate. Differentiating equation 3 with respect to deposition rate and 
simplifying with typical values gives,(11; 12) 
11 
indicating that increasing the deposition rate decreases the size of the critical 
nuclei and therefore makes the occurrence of stable nuclei more probable. 
2.4.3 Summary 
From these first few equations the importance of temperature is already 
apparent. Firstly the mean residence time decreases exponentially as 
temperature increases, exponentially decreasing the arrival rate of atoms to a 
nucleus. Coupled with this, the decreasing saturation ratio caused by the 
23 
increasing vapour pressure, temperature easily becomes one of the biggest 
factors affecting thin film growth. 
Deposition rate is effectively a way of altering the saturation ratio. An increase 
in the saturation ratio increases the impingement rate of atoms and therefore 
linearly changes the free energy of condensation, inversely affecting the critical 
nuclei radius. The increased rate of impinging atoms also increases the rate of 
growth for nuclei, reducing the probability that the nuclei will evaporate. 
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CHAPTER 3 DEPOSITION METHODS 
3.1 INTRODUCTION 
There are several deposition methods available for producing a variety of 
materials. These range from simply painting a substrate for aesthetic reasons 
or to increase corrosion resistance, to monolayers of cobalt acting as seed 
layers for the growth of crystalline gold.(15) The work reported here utilises 
many of the approaches and technologies in operation within the 
microelectronics industry, and outlines some of the techniques available, 
providing a basic understanding of common deposition techniques. 
Although many coating techniques are available, the concern within this report 
remains with thin films. The term 'thin film', in this instance, describes growth of 
materials ranging from a few angstroms to hundreds of nanometres in 
thickness. On this scale thin film deposition techniques can generally be 
divided into three main areas, evaporation, glow discharge and gas-phase 
chemical processes. Liquid-phase chemical processes including electroplating, 
electroless plating and electrolytic anodisation can also be used in creating thin 
films to some extent, but generally are used for layers thicker than 1 micrometer 
and shall therefore be omitted from this description. 
3.2 EVAPORATION 
Evaporation is one of the simplest, in terms of technology, and most 
widespread deposition techniques available. The material is heated in order to 
provide a vapour pressure of the material within the evacuated chamber. The 
vapour pressure can be modelled as a function of temperature by the Clausius-
Clapeyron equation,(11) 
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dP Ml(T) 
-= 
dT nv 
If we assume the gas to be ideal we can replace fN with RT/P; (11) 
dP PMl(T) 
dT= RT2 
12 
13 
where, P represents pressure, T represents temperature, R is the molar gas 
constant and LlH(T) is the enthalpy change between the condensed phase and 
vapour phase. These equations describe the temperatures required to obtain 
suitable vapour pressures for deposition. The vapour pressure at a specific 
temperature is material dependent due to the enthalpy of evaporation, resulting 
in very different deposition rates between materials. The deposition rate, which 
is directly related to the vapour pressure of the material in the chamber, 
therefore depends upon the material and the temperature of evaporation. The 
temperatures suitable for evaporation can be above or below the melting point 
of the material. For instance; antimony evaporates readily from the solid phase, 
whereas bismuth evaporates from the liquid phase. 
Evaporation techniques are separated into a number of categories depending 
on how they evaporate material. All of these are by the introduction of heat to 
the target material, but the method of heating varies. These methods may 
include resistive heating, ion beam heating and laser beam heating. The 
method of evaporation used in this thesis was resistive heating. This method 
passes a large current through a 'boat' of various sizes and shapes, within 
which the target material sits. The resistance of the boat results in heating of 
the target material contained within/on the boat, to a temperature adequate to 
evaporate the target, as sufficient current is passed. 
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3.3 GLOW DISCHARGE 
Glow discharge, also known as plasma phase deposition has been used 
commercially for depositing compounds and alloys over large surfaces, for a 
few decades. These techniques are able to deposit compounds by target 
sputtering, rather than thermal evaporation, and generally achieve film 
properties closer to bulk properties due to higher energy incident atoms. (12; 11) 
Glow discharge deposition generally consists of low pressure gas plasma that 
is used to physically sputter atoms from the surface of a target material. 
3.3.1 DC Sputtering 
In a DC discharge, where the target is commonly the cathode and a 
surrounding surface is commonly grounded (anode), the plasma is created by 
applying a large voltage between the cathode and anode in the presence of a 
low pressure gas; commonly argon in the range of a few to 100 mTorr. (12; 11) 
Initially the current flow is very small due to the small number of carriers in the 
gas. As the voltage across the plasma is increased, the energy imparted to the 
charge carriers is eventually enough to produce more carriers through ion 
collisions with the cathode. This produces secondary electrons which 
subsequently ionise the gas in the chamber. Eventually, with increasing 
numbers of electrons a state is reached whereby the released electrons are 
able to ionise enough argon to form a stable plasma. At this stage the current 
flow through the plasma increases and the voltage drops.(11) The name 'glow 
discharge' is derived by the characteristic glow of the plasma as it becomes self 
sustaining. 
A glow discharge plasma can be separated into distinct areas, generally easiest 
to describe in terms of the cathode glow, the dark (Crookes) space and the 
negative glow. The cathode glow is the light emitted from the interaction of the 
positive plasma ions with the target, where the wavelength depends upon the 
ion species and target material. It is in this area where the electrons, neutral 
target atoms and positive ions are released, where the neutral atoms travel to 
the substrate to become the deposited film. The negative glow area is where 
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electrons released from the target ionise the sputtering gas and produce the 
characteristic plasma glow dependent upon the gaseous species. Between the 
negative glow and cathode glow areas, the Crookes space exists as an area 
where no ionisation takes place. In this area the positive plasma ions are 
accelerated towards the target by the electric field, where nearly all the voltage 
drop in the system exists. (11) It can be seen from this description that sputtering 
has many processes taking place simultaneously. The number of different 
reaction regions releasing electrons, positive ions, negative ions and neutral 
atoms shows the complex nature of sputtering compared to evaporation, and 
how the films can be so very different in properties. 
3.3.2 RF Sputtering 
So far we have discussed the use of DC sputtering which requires a current 
flow from the target material. Obvious problems arise when depositing an 
insulating material such as aluminium oxide (alumina) or silicon oxide (silica). 
The problem is in maintaining plasma when electrons cannot be passed 
through the target: as a general rule target resistivity must be less than 
1060-cm whereas Si02 has a resistivity approaching 1016 O-cm. (11) To sputter 
insulators alternating voltages can be used, in which the cathode and anode 
alternate. At high enough frequencies (>50Hz), the ions are sufficiently mobile 
near the target surface to cause electron release, and these electrons are able 
to cause ionisation of the gaseous species. Coupled with this, RF currents can 
be passed through mediums of any impedance, and so an RF supply can be 
used to sputter any material. RF frequencies range from 5 to 30 MHz, although 
the Federal Communications Commission reserved 13.56 MHz for plasma 
processing,(12) and this is now the frequency in common use. 
A more recent development has been the use of Pulsed DC supplies. These 
are much easier and safer power systems to install and use than RF systems. 
A pulsed system also maintains higher sputter rates than RF sputtering. Pulsed 
DC is simply a DC plasma system which is pulsed on and off at frequencies 
from 5 to 200 kHz. At these frequencies, targets that are prone to charging and 
arcing can be sputtered as the off cycle of the pulse allows for a discharge of 
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the target. It has also been noted that Pulsed DC sputtering can be used to 
sputter some insulators as the frequency exceeds 50Hz, which as mentioned 
still allows for plasma formation. 
3.4 MAGNETRONS 
The most commonly used type of glow discharge is magnetron sputtering. (11) 
In a magnetron arrangement a target is clamped onto an assembly which 
generates magnetic fields above the target as shown in Figure 6. Magnetron 
sputtering confines the plasma close to the target material by a magnetic field. 
The magnetic arrangement and target assembly is known as the magnetron. 
The arrangement of the magnetic field and the subsequent electron path is 
shown in Figure 6, where this magnetron design uses a single, cylinder shaped 
magnet on the outside with an oppositely magnetised slug in the centre. 
Electrons spiral around magnetic field lines causing ionisation closer to the 
target than in other glow discharge arrangements. As the electrons spiral 
magnetic field lines, they also exhibit a drift in a circular path under the field 
lines. The confinement of plasma and electrons allow for sputtering in very low 
pressures compared with standard glow discharge and also concentrates the 
plasma. The high electron density on the surface of the target, concentrated in 
the region under the field lines, results in a higher rate of bombardment in this 
area and therefore a higher sputter rate. 
Magnetrons do suffer from one major drawback, generally in the form of low 
target utilisation, as the material is preferentially sputtered from the area of 
higher electron density. A large amount of work has been done in attempting to 
increase target utilisation, and many magnetron designs now exist for such 
purposes. These are primarily aimed at adjusting the magnetic field, using 
different arrangements of magnets, ferrite slugs and ferrite plates. 
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Figure 6 Principle of the Magnetron 
In this study the magnetic field is balanced for the magnetrons, in which almost 
all the magnetic flux from the outer magnets passes through the centre iron 
slug. The balanced arrangement is the most common type of magnetron in 
use, although recently a great deal of work has been focused on changing the 
magnetic flux of a magnetron, usually in an attempt to circumvent the initial 
magnetron patent. By far the most popular design is an unbalanced 
magnetron, which extends the flux towards the substrate providing plasma 
bombardment of the substrate surface. The advantage of plasma near the 
substrate is to promote ion bombardment which can influence film properties. 
The effects of ion bombardment are discussed in the following section, and are 
applicable to targets and substrates equally. 
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3.5 ION BOMBARDMENT 
By now we can see that sputtering is the process by which ions impact upon 
the surface of a material. It has also been mentioned that during ion 
bombardment electrons, neutral atoms and positive ions can be released. 
Although already a complicated process, this is only a glimpse of the possible 
reactions and a number of other outcomes are possible, shown in more detail in 
Figure 7. This summary shows events induced by ion bombardment and it 
must be noted that, although it is aimed at showing the process of target 
sputtering, to a lesser degree it is also representative of substrate 
bombardment by positive ions released at the target. 
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Figure 7 Summary of Energetic Particle Bombardment Interactions on Surfaces 
and Growing Films(16) 
Figure 7 also highlights that the release of atoms by bombardment means that 
atoms can become re-deposited onto the surface, sputtering species can 
become implanted in the surface and undergo chemical reactions with the 
surface. Many of these are undesired possibilities which must be considered 
when working in such conditions. 
It should also be noted that ion bombardment transfers a great deal of energy 
to the surface and this must be dissipated in some form. Most of this is not 
carried by the energetic atoms released at the surface but is generated in the 
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form of heat at the surface. The heating of a target is not desired and target 
cooling is very important; the author can recall melting a target onto a 
magnetron due to cooling failures, causing terminal failure of the magnetron. It 
is also of importance to consider the substrate, and the affect that heating will 
have upon film growth and the substrate material. The affects of temperature 
on growth is studied further in section 2.4.1. Figure 8 highlights the main 
differences between magnetron sputtering and evaporation. 
Evaporation Sputtering 
Low kinetic energy of vapour (0.1 eV High Kinetic energy of sputtered atoms 
at 1200K) (2-30 eV) 
Evaporation rate - 1x1017 atoms/cm2- Sputter rate (at 1 mAlcm2) -1x1 016 
sec atoms/cm2 -sec 
Fractionation of multicomponent 
alloys, decomposition and Generally good maintenance of target 
dissociation of compounds stoichiometry, but some dissociation 
of compounds 
Evaporant travel in high or ultrahigh 
vacuum (-10-6 _10.10 mbar) 
Sputtered atoms travel through sputter 
gas (-10-3 - 10.2 mbar) 
Velocity of evaporant 105 cm/sec Neutral atom velocity - 5x104 cm/sec 
Many collisions before reaching 
Collision free travel to substrate substrate 
Relatively low energy upon 
condensation High energy condensation 
Low gas incorporation Good adhesion to substrate 
Figure 8 Differences Between Evaporation and Sputtering 
Figure 8 shows how evaporation and sputtering provide very different growth 
conditions in terms of the energy of incident atoms and the rate of impinging 
atoms. Chapter 2 has described how these two factors are critical to the growth 
structure of thin films leading to the observed differences in film properties also 
given in Figure 8. The variation in properties between evaporated and 
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magnetron sputtered films shows the differences possible between growth 
methods. This variation has led to the study comparing the properties of 
bismuth thin films grown by evaporation and magnetron sputtering which is 
presented in this thesis. 
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CHAPTER 4 ANALYSIS TECHNIQUES 
4.1 INTRODUCTION 
Following the deposition of the thin film samples, their structural and electrical 
properties were characterised. To achieve this a number of analysis 
techniques have been employed. This section outlines some of the basic 
principles behind these techniques. This is to provide an understanding of the 
results and the limitations, in theoretical and practical aspects of the analysis 
and the bearing these may have on the obtained results. 
The analysis methods used during the work presented in this thesis primarily 
include electrical measurements consisting of mobility, carrier concentration, 
resistivity and magnetoresistance combined with X-ray analysis for structural 
data. These techniques are used in conjunction with direct imaging of the 
samples, using scanning electron microscopes and optical microscopes where 
appropriate. These are the primary analysis techniques that are used, but a 
number of other techniques have found limited use. These are briefly 
summarised at the end of this chapter. 
4.2 ELECTRICAL MEASUREMENTS 
The definition of electrical measurements can cover a whole range of 
properties, from electrical conductivity to Fermi energies. In the work presented 
here, the properties under analysis have been selected in order to provide 
information about the changes to the material, when exposed to various 
deposition parameters. This generally limits the variations to physical changes 
in structure, and on occasion, chemical changes to the material. For these 
reasons, the electrical measurements selected were carrier mobility, carrier 
concentration, resistivity and magnetoresistivity. Each of the properties will be 
examined in turn and will be related to changes in the structure of the material 
in question. 
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4.2.1 Resistivity 
Resistivity describes a material's resistance to current flow. It is the reciprocal 
of conductivity and is defined as the ratio of electric field strength to current 
density. In terms of a physical material resistivity is given as, 
RA 
p=-I 
14 
where p is resistivity in ohm-m, R is the resistance of the sample, A is the area 
of the sample and I is the length of the sample. From equation 14 it can be 
seen that in order to measure resistivity, the resistance of a known sample size 
must be measured. Resistance is defined as the ratio between the Voltage, V 
that causes a current, I to flow, and the current itself:(17) 
V R=-I 
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In many situations, resistance is measured by applying a known current 
between two points on a material, and measuring the voltage between them. A 
problem with this method is that the measured resistance includes the contact 
resistance of the wires to the sample. This becomes problematic when 
measuring samples with very low resistances or with a high contact resistance, 
where the contact resistance becomes comparable to the sample resistance. 
In these situations, it is necessary to separate the contacts for current flow and 
voltage measurement. This is commonly known as a four point probe 
measurement and is shown schematically in Figure 9. The four point probe 
eliminates contact resistances by providing a constant current between two 
probes, and the voltage measured on two separate probes. The probes still 
have a contact resistance where the current enters the sample, but the voltage 
drop affects the voltage supplied to the constant current; it does not create a 
voltage drop on the voltage sensing probes, as there is no current flow through 
the voltage measurement device. 
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Figure 9 Four Point Probe Schematic 
The measurement of samples using the four point probe technique is extremely 
useful, particularly in the semiconductor industry and for thin films. The obvious 
difference with using a four point probe over a two point probe is that the 
geometries are different. To overcome this, a set of geometric correction 
factors that consider the four pOint probe layout are included in the calculation. 
The reader is directed towards reference (17) which contains full derivations of 
all the correction factors available for four point probe measurements. 
4.2.1.1 Sheet Resistance 
In the research detailed in this thesis the resistivity measurements were made 
using a van der Pauw approach.(1S; 19; 20; 21) This approach places a sample of 
specific geometry under analysis and requires contacts made around its 
periphery. The voltage and currents are measured along the sides of the shape 
and then the same measurements are taken with the sample rotated 90°. This 
results in two resistances, namely Ra and Rb, which are related to sheet 
resistance R. through the van der Pauw equation,(22) 
R Rb (-1I"_G) (-11"-) 
e Rs + e Rs = 1 
16 
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This can be solved numerically for R. allowing for the calculation of resistivity by 
using, 
17 
where d is the sample thickness. 
The actual contacts used during the work presented in this thesis were made at 
each of the four corners of a square sample, labeled 1-4, as shown in Figure 10 
and is the arrangement used for all electrical measurements. The contacts 
were made using silver loaded paste, and were shown to be ohmic through IV 
measurements made prior to testing. 
4 contact pOints 
required at the 
periphery for 
electrical transport 
measurements 
Figure 10 Contacting to a Sample for Electrical Measurments 
These measurements are conducted on an Ecopia HMS-3000, which is a 
specially designed hall measurement device. This device allowed for the 
measurement of resistivity very quickly, but also provided mobility, carrier 
concentration and magnetoresistivity data as outlined in the following sections. 
Even with this geometry, with probes around the periphery, care must be taken 
to ensure that there is a good ohmic contact to the surface, that the probes are 
at the very edge of the sample and that the sample is homogenous. The 
resistivity measurements detailed here further elaborate on this experimental 
setup, taking forward and reverse measurements of resistance, to remove 
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offsets, and taking measurements where the voltage and current probes were 
alternated in order to further reduce homogeneity and positional errors. 
Resistivity, as can be seen by equation 17, is dependent upon sample 
thickness and is thus indicative of the mean thickness of the film. Resistivity 
can also be used to show film continuity, as will be shown later in this thesis. 
The resistivity of a material can also be used to interpret the grain sizes within a 
material. Grain boundaries provide a scattering surface for carriers, increasing 
the resistance of a material. The smaller the grains, the more frequent the 
grain boundaries and higher the resistivity of the film. From this interpretation, 
the quality of a film in terms of crystallinity can be interpreted. 
4.2.2 Hall Effect 
The Hall Effect is where electrons drift in a direction perpendicular to current 
flow when a magnetic field is applied, as shown in Figure 11. 
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Figure 11 Hall Effect 
This shows the movement of the electrons and it can easily be seen how this 
will cause a voltage difference, in a direction normal to the current flow and 
magnetic field. 
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The Lorenlz force which is the force on a moving charge in a magnetic field is 
given by; 
F = q(V x B) 
18 
In the situation of the Hall Effect then q is the charge of the electron, V is the 
drift velocity of electrons, Vd and B is the magnetic field so becomes; 
19 
The current flow, I, in terms of drift velocity is given by; 
1= neAVd 
20 
Where A is the surface area and n is the carrier concentration. This substitutes 
into equation 19 giving; 
At the point of equilibrium then; 
elB 
Fm=-
neA 
And substituting Fe for equation 21 yields the Hall Voltage; 
IB 
VH =-ned 
21 
22 
23 
The Hall Effect and measuring the Hall Voltage is the main method that has 
been used to determine the concentration of the majority charge carrier type, 
and the mobility of these carriers in a given magnetic field. Both of these 
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properties provide invaluable information relating to the electrical properties, 
and can provide an insight into the structure of the material under analysis. 
4.2.3 Carrier Concentration 
The carrier concentration in a bulk structure, such as a semiconductor wafer, is 
indicative of the amount of carriers within the structure. These may be due to 
intrinsic electrons or holes or due to impurities acting as acceptors or donors. 
This is still true of thin films, although surface affects usually have a much 
greater effect on carrier concentration than impurities. In thin films a higher 
proportion of atoms are at a surface, where surface states of atoms affect the 
number of electrons in the conduction bands. The surface states usually 
increase the number of electrons in the conduction band, increasing the carrier 
concentration (if the majority carriers are electrons). When considering surface 
states in a thin film it must be noted that grain boundaries represent surfaces, 
as atoms no longer form continual lattice structures. 
In addition to the information that the carrier concentration provides in terms of 
film structure, it also affects other electrical properties. The increased density 
of charge carriers increases scattering, therefore decreasing the mean free 
path length and increasing resistance. This is an important observation that is 
considered later in this thesis. The increased carrier concentration, due to 
surface states also reduces the Hall mobility of carriers. This means that in 
order to increase the mobility of carriers, the influence of surface states must be 
reduced. In most cases this is only achieved by increasing the grain sizes or 
increasing the thickness of the film (usually co-dependent). Both of these were 
investigated during the work reported in this thesis, and are presented with 
further supporting data. 
Before the carrier concentration of a bulk material can be determined, the sheet 
concentration of the sample must be measured. Sheet carrier concentration is 
measured in a similar method to resistivity; by measuring a square sample 
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across diagonals as shown in Figure 12. When calculating sheet carrier 
concentration, the voltages are measured in both forward and reverse 
directions, across diagonals for both polarities of a magnetic field. Each voltage 
at reverse polarity is then subtracted from the corresponding voltage in the 
forward polarity and the remaining voltages are summed. Such that with a 
square sample, the numbers 1-4 relate to corners distributed clockwise around 
the square, and V13N means the voltage between position 1 and 3 with the 
magnetic field going into the page and V13P represents the same voltage with 
the field coming out of the page. 
Figure 12 Schematic for measuring sheet carrier concentration 
In this scenario, the sheet carrier concentration initially by determining the 
voltage differences across diagonals where .. 
V A=V24P-V24N, V8=V 42P-V 42N, 
VC=V13P-V13N, V O=V31P-V31N 
The polarity of VA+V8+VC+VO results in either a positive or a negative value 
where a positive value indicates a p-type carrier majority (electrons) and a 
negative value indicates an n-type carrier majority (holes). By substituting 
these values sheet carrier concentration is calculated using the equation, 
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8 x 1O-81B 
24 
here I is the current flow in Amperes, q is the charge of the carriers in 
Coulombs and B is the magnetic field strength in Gauss to give concentration in 
units of cm3 and Tesla for units of m-3• 
The sheet carrier concentration then converts in to bulk carrier concentration by 
dividing by the sample thickness, t in centimeters, giving the bulk carrier 
concentration in cm-3 as shown below. 
4.2.4 Hall Mobility 
ns 
n=-
t 
25 
The Hall mobility, /l with units of cm-2V 1s-1, is the effective mobility of a carrier 
in a magnetic field and is given by the equation, 
1 
26 
Using the value for sheet carrier concentration given in equation 24, and the 
value for sheet resistance given in equation 16, it is possible to substitute into 
equation 26 to calculate the mobility of the carriers in the sample under 
analysis. 
The Hall mobility is an important property when investigating factors such as 
magnetoresistivity, crystallinity and carrier effective masses. As is the case 
with resistivity and carrier concentration, the crystallinity of a sample has a 
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considerable effect on the mobility of carriers by reducing the carrier mean free 
path. Magnetoresistivity is strongly dependent on mobility. A high mobility 
requires a low effective mass, resulting in the magnetic field having a greater 
influence on carriers. 
4.3 X-RAY DIFFRACTION 
X-ray Diffraction (XRD) is a very powerful tool in the case of thin film structural 
analysis . It has already been shown in earlier descriptions how deposition 
parameters strongly influence the film microstructure. XRD is used extensively 
in the work presented in this thesis to investigate the films crystallinity. This 
section aims to outline the basic principles of XRD, the apparatus used and the 
principles used in the analysis of such results . 
Braggs law gives the equation of nA = 2dsinB derived from the diagram below. 
Here L refers to the difference of path length of the two incident X-rays and two 
reflected X-rays given by L = dsinB. As there is an increase in path length for 
both the incident and reflected portion of the wave this is multiplied by 2. For 
this case constructive interference occurs at whole numbers of n meaning that 
peaks can be seen at angles given by the Bragg Law; nA = 2dsinB. For this it 
is important that only a single wavelength of X-rays so as not to influence the 
interference. 
Figure 13 X-ray diffraction from a lattice 
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Monochromatic radiation is a single wavelength of radiation , used to determine 
the lattice spacings of a sample. This type of radiation is incident on the 
sample, which is rotated through an angle 9, as the detector is rotated through 
an angle 29 , with respect to the incident beam. This experimental setup is 
known as the Bragg-Brentano diffractometer and is the most common setup 
used for thin film analysis.(23, 11) The rotating sample in the Bragg Brentano 
setup means that the effective sample thickness, which the X-rays are incident 
upon, reduces at increased angles. The Bragg-Brentano diffractometer is 
shown schematically in Figure 14. This experimental setup is used in the 
apparatus used throughout the work detailed in this thesis. 
Detector 
X-Ray :~==+-:o====::::::::~~:::r: Source 
Figure 14 Bragg-Brentano Diffractometer 
4.3.1 Interpretation 
X-ray diffraction patterns, similar to the powder diffraction pattern shown in 
Figure 15. Here it is important to understand that the process of X-ray 
generation releases a number of X-ray frequencies according to the energy 
levels involved. In this work, the target metal is copper and therefore releases 
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X-rays characteristic of copper energy levels. Most of these are filtered out in 
the apparatus , and the remaining Cuka radiation is used as the incident X-ray 
source. However the CuKa radiation exists as a doublet, where Cuka, and 
Cuka2 are of wavelengths 0.154059 nm and 0.154441 nm respectively. (23) This 
doublet can cause peak broadening and peak splitting at higher angles, where 
the wavelength differences can be resolved by the apparatus. This is shown in 
Figure 15 below, which represents a combined spectra of Cuka, and Cuka2 
diffraction from bismuth. For this reason it is common to strip the spectra of the 
ka2 component using Rachingers method. 
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Figure 15 X-Ray Diffraction Pattern of Powdered Bismuth 
4.3.2 Structural Identity 
I 
1 MA 
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From Figure 15, where the angles of peaks relate to lattice planes, it is 
necessary to attribute these peaks to a particular plane. First it is required to 
convert the angles to d, being the interplanar spacing. The value d is 
calculated by applying the Bragg equation to relevant peaks,(23) 
27 
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where A represents the wavelength of incident X-rays , in this case Ka1 is 
0.154059 nm, and BB is the angle at maximum intensity. This would allow for 
the determination of the interplanar spacing of each of the reflecting planes in 
the sample. In order to calculate the planes which are reflecting it is necessary 
to apply a further equation which is specific to the crystal structure. For the 
purpose of this work the equations applicable for cubic, hexagonal and 
rhombohedral crystal structures are necessary, and are,(23. 24) 
Cubic 1 - 2--
d h k1 
Hexagonal 28 
Rhombohedral 
where a is a crystallographic dimension, hk and I refer to miller indices of the 
planes, and a and !3 are crystallographic angles. From these equations, with 
known crystal structures and dimensions , it is possible to calculate the planes 
which cause each diffraction peak. 
4.4 X-RAY REFLECTIVITY 
X-ray Reflectivity (XRR), also known as Grazing Incidence X-ray Reflectivity 
(GIXRR), is not a technique where X-rays are diffracted by the lattice, but rather 
the X-rays are reflected by the interfaces of the sample(23; 25) XRR is a very 
powerful technique in determining structural properties of thin films. In 
particular this technique allows for the determination of film thickness to less 
than 1 nm. XRR also allows for the analysis of surface and interface 
roughness , as well as information relating to density and composition (23) In the 
work detailed in this thesis the main use of XRR is as a calibration technique , 
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measuring film thicknesses accurately, in order to apply appropriate tooling 
factors when measuring deposition rates . 
X-ray reflectivity is the reflection of an electromagnetic wave at an interface 
between two mediums. In single layer reflectivity these are the interface 
between the air and the surface of the thin film , and the interface between the 
film and the substrate as shown in Figure 16. These two reflected waves then 
experience either constructive or destructive interference dependent upon the 
phase separation. 
Film 
Substrate 
Figure 16 Surface Interactions During XRR of a film with thickness, t, incident 
X-ray angle ai, refracted X-ray angle, at and reflected X-ray angle ar 
In XRR, X-rays are detected using similar apparatus to the Bragg-Brentano 
diffractometer, although for XRR the measurements are made at more acute 
angles of 2a than that of XRD. As the detector moves through angles of 2a, the 
intensity of the reflected X-rays pass through regions minima and maxima, 
relating to angles coinciding with constructive and destructive interference. 
These intensity oscillations are known as Kiessig fringes and are present at 
angles higher than the critical angle. The critical angle ac is an angle below 
which , the X-rays are totally reflected from the surface of the thin film: just as 
light experiences total internal reflection in a fiber optic. The phase difference is 
defined by t!.= 2tsin8, where t is the filrn thickness and at is the angle of 
refraction within the film. This is very similar to Bragg's law in equation 27 
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where t is representative of the lattice spacing and /:; is the wavelength of the 
incident radiation . 
The equipment available for the work reported in this thesis was unable to 
provide accurate, absolute values for the critical angle but provided accurate 
values for relative angles. This means that the calculation for thickness 
required measuring of the angles between peak intensities where ,(23) 
29 
where em and em+l represent the angles of two adjacent fringes, A is the 
wavelength of the incident electromagnetic wave and t is the layer thickness. 
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CHAPTERS EXPERIMENTAL PROCEDURE 
5.1 INTRODUCTION 
The work presented in this thesis mainly surrounds the deposition and analysis 
of bismuth thin films. There are a number of other materials including bismuth 
composites and antimony, which have been deposited and the procedure for 
their deposition is also detailed as the results for the materials are presented. 
This section will outline the specific procedures for the deposition and 
characterisation of the bismuth films reported in this thesis. 
5.2 DEPOSITION SYSTEM 
The films reported in this thesis have been deposited by evaporation or by 
magnetron sputtering . All the samples reported in this thesis have been 
prepared and grown in a sputter/evaporation deposition system supplied by 
PVD Products Inc of Wilmington MA. The system is a bakeable, rotary backed, 
turbo pump system with a sample load lock, capable of base 
pressure <2x1 0-8 Torr. A schematic of the evaporation/sputtering vacuum 
system is shown in Figure 17. 
Turbo 
Pump 
Backing line? 
Vacuum 
chamber 
Rotary 
Pump 
Vent 
Loadlock 
Roughing lines 
Figure 17 Vacuum Schematic 
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This system is a highly versatile research system, capable of simultaneous 
sputtering from three, 3" targets , utilizing DC, Pulsed DC and RF sputtering 
modes. The system is also equipped with an evaporator, which is used for the 
deposition of all evaporated bismuth films reported within this thesis. For 
cleaning and growth modification purposes, an RF voltage can be applied to the 
substrate. During deposition, this will affect the growth of the thin films, and 
prior to deposition this can be used as a cleaning step for the substrates. The 
system is capable of significant substrate heating by IR heating elements 
behind the substrate , capable of temperatures of up to 800°C, with 0.1°C 
stability and control. All of these can be controlled by a central control system 
interfaced by a laptop mounted on the system. This allows for the effective 
control , monitor and recording of all pumping, cleaning , heating and deposition 
stages. 
All depositions are controlled using an Inficon XTC control unit, which measures 
deposition rates and thicknesses for all deposition types to 0.1 A. The Inficon 
also allows for the adaptive control of evaporation , controlling the power in 
order to maintain a constant deposition rate. The deposition rate and thickness 
measurements are from a quartz crystal oscillator placed in the chamber. The 
measurements are calibrated by producing standard samples , which are 
measured using either X-ray reflectivity or SEM measurements , and correcting 
rates by using a tooling factor. 
The system benefits from an in-built baking system to aid the removal of water 
coupled with a sample loadlock allowing for the base pressure of <2XlO,8 Torr. 
The load lock system also means that samples can be transferred into the 
chamber very quickly, allowing for sample turnaround times of less than 
5 minutes, dependent upon deposition times. The system operates a rotary 
backed turbo pump, isolated via a gate valve which can be partially closed. 
This reduces pumping speeds during deposition stages, allowing for higher 
sputtering pressures. The system allows for three process gasses: argon, 
oxygen and nitrogen. These are controlled by individual Mass Flow Controllers 
(MFC) controlling the gas flow given in units of standard cubic centimetres per 
minute (sccm). A schematic of the sputtering/evaporation system used during 
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this work is shown in Figure 18, reproduced by the kind permission of PVD 
Products Inc. 
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Figure 18 Schematic of The PVD Sputtering/Evaporation System 
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5.3 SUBSTRATE PREPARATION 
During the deposition of thin films, sample cleanliness is a very important factor. 
Surface contaminations can affect film adhesion , film chemistry, interface 
structure and growth mechanisms. For this reason the preparation of sample 
substrates is taken very seriously, employing a variety of steps and techniques 
including mounting, cutting , polishing and cleaning. This section will outline the 
specific steps, used in the work reported here, to prepare the samples for 
deposition. The substrates used in the work reported in this thesis were gallium 
arsenide (100), silicon (100), silicon (111) and microscope glass. 
5.3.1 Substrate Cutting 
The different substrates required a variety of cutting methods. The sample 
holder is shown in Figure 19 where samples sit in a 1 mm recessed area in the 
top of the holder, exposing the substrate from underneath. 
Figure 19 Substrrate Holders, Left: Top view, Right: Bottom view 
These show that substrates of either square or rectangular geometry are 
required . Single crystal wafers, as a general rule, can only be cut along their 
lattice planes. For silicon (100) cutting a right angle can be performed across 
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the lattice planes but for silicon (111 ) the lattice planes intersect at either 54. r 
or 35.3°. For cutting silicon (111 ) a high speed , diamond tipped, cutting blade 
was used to score the wafer across the desired edge and was then carefully 
cleaved to the correct geometry. This method was also used to cut the glass 
pieces to the desired sizes. Gallium arsenide was also (100) orientated 
allowing for in plane cleaving . The general method for cleaving is by cooling 
the sample in liquid nitrogen and then using a razor blade or other sharp edge 
to propagate a crack along the desired plane. The cooling was found to be 
unnecessary in these cases as the wafers could be cleaved at room 
temperature . This removed the necessity for warming under nitrogen gas and a 
bake to remove surface water. 
5.3.2 Substrate Cleaning 
All the substrates used in the work reported here were cleaned using the same 
method . To clean the substrates a number of steps were taken . Acetone was 
used initially to degrease and dry the substrates. They were placed in a 
suitably sized beaker, submerged in acetone and placed into an ultrasonic 
cleaning bath for 8 minutes. The samples were then dried of acetone and 
placed into a clean beaker of ethanol. The substrates were once again placed 
into the ultrasonic bath for 8 minutes under ethanol , in order to remove any 
traces of contaminants and acetone. This was because acetone has been 
known to leave a residue on a substrate surface. The substrates were then 
dried again and placed into the vacuum chamber. Once the system reached a 
suitable vacuum an RF voltage was applied to the substrate plate under an 
argon atmosphere of 30 mTorr, providing a sputter cleaning power of 100 W 
(-0.65 W/cm2) for 30 seconds. This step removed any further surface 
contaminations and also heated the surface of the substrate providing an 
outgassing of the surface. 
5.3.3 Substrate Mounting 
For most cases the substrate was mounted directly into the substrate holder 
sitting on a 1 mm recessed support area , and the remaining holes were 
covered with a shield . Where the analysis method required a smaller sample, 
and the possibility of cutting the sample post deposition was unfavourable, a 
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smaller substrate was mounted onto an 18x18mm glass sheet. The mounting 
was performed using an electrically conductive paste as an adhesive on a 
reverse corner of the substrate. The sample was easily detached due to the 
low strength of the paste, and was easily cleaned using alcohol if required. 
5.4 MAGNETRON DEPOSITION 
The method for magnetron sputtering requires a number of process 
requirements. Many of these have been changed through the work presented 
here to alter the properties of the deposited film. In this section the basic 
procedure for sputtering will be given , but the exact temperatures , powers and 
pressures are specific to the individual samples. 
5.4.1 Sample Loading 
After the sample was prepared , as detailed in section 5.3, the sample was 
placed into the substrate holder and placed into the load lock on the transfer 
arm. The load lock was then pumped using the roughing pump to a pressure of 
<250 mTorr. The isolating VAT valve was then opened and the sample 
transferred onto the lowered substrate table. The arm was withdrawn and the 
VAT valve closed , and the substrate table is raised into position. The transfer 
was aided by the use of locating pins on the transfer arm and substrate table 
ensuring precision alignment. 
5.4.2 Preparing Sample for Deposition 
The deposition temperature was then set to the required temperature using the 
Eurotherm interface and allowed to stabilise for at least 1 hour. This ensured 
the sample had reached equilibrium temperature. During this time the base 
pressure on the system was allowed to stabilise and reach a pressure lower 
than 5x10-7 Torr before starting a deposition. Once the required pressure was 
reached and the temperature stabilised the gate valve to the turbo pump was 
partially closed and argon gas was allowed to flow into the chamber. For 
30 mTorr the flow rate was set to 21 sccm of argon using the MFC interface 
within the software. At this point the samples were cleaned as already 
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described , and set using the substrate RF supply and timer function. Upon 
completion of the cleaning step the flow rate was then set to the appropriate set 
point in order to achieve the required sputtering pressure. 
5.4.3 Sputter Deposition Steps 
The power of the DC, Pulsed DC or RF supply was set using the software 
interface, and the power supply was switched on . The target was given a 
5 minutes pre sputter clean at the desired level prior to open ing the shutter. 
The Inficon was programmed according to the material and desired thickness, 
and the shutter control via the enabled Inficon. At this point the timer function , 
Inficon and shutters were activated to begin deposition at the desired process 
parameters. At the end of the process the Inficon shut down the power 
supplies and closed the shutters saving all necessary parameters of the 
deposition. 
5.4.4 Post Sputtering 
Once the sputtering was complete, the Inficon control was disabled and the 
Eurotherm set to room temperature. Once the substrate had cooled the sample 
was removed by reversing the sample loading procedure. 
5.5 EVAPORATION 
Evaporated films were produced in a very similar method to sputtering . The 
first difference to note is that evaporation material was placed into the 
evaporator boat prior to deposition, and enough for a number of depositions as 
refilling the boat required opening the main chamber. Steps 5.4.1 and 5.4.2 
were the same for either deposition method although for evaporation the final 
set point for the argon flow after substrate cleaning was zero , in practice closing 
the valve. The system was once again allowed to reach a pressure 
of <5x1 0-7 Torr. Once at this pressure the Inficon was enabled and setup for 
the material, desired rates , optimum ramp/dwell times and the desired 
thickness. The Inficon control was then started and actively controlled the 
power to the evaporator, maintaining the deposition rate until the desired 
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thickness was reached . The sample was then cooled and removed in the same 
manner as a sputtered sample. 
5.6 ANTIMONY DEPOSITION 
Antimony was deposited from a 3" target of 5N purity in the same sputter 
system used to deposit bismuth . The films were sputtered using 50 W, RF 
power under 10 mTorr argon pressure, under a flow rate of 7.5 sccm. The 
deposition temperatures ranged from room temperature to 175°C, deposited 
onto glass, silicon (100) and silicon (111 ). All films are deposited at a rate of 
1.2 Als to a thickness of 100 nm. The films deposited onto glass have been 
measured in terms of electrical properties and films deposited onto all 
substrates have been investigated by X-ray diffraction and imaged using SEM 
techniques. 
5.7 SAMPLE PREPARATION FOR ELECTRICAL MEASUREMENTS 
For electrical measurements the samples have been measured on an Ecopia 
HMS-3000/0.55T. This particular measurement device required that the 
samples were 1 Ox1 Omm and that electrical contacts were provided in each 
corner. The contacts were placed using the supplied fittings and contact 
probes. The probes were moved into position and attached to the surface by 
Leit Silber 200, conductive silver paint supplied by Agar Scientific. The 
samples were allowed to dry and then placed into the measurement device. 
The device initially measured an IV curve for each probe to ensure an ohmic 
contact. The device then measured resistivity, mobility, carrier concentration 
and magnetoresistivity using the equations given in section Chapter 4. The 
measurements were made using a magnetic field of 0.550 Tesla from a 
permanent magnet. 
5.8 X-RAY ANALYSIS 
The X-ray diffraction data is recorded using a Philips PW1130 diffractometer. 
The sample was clamped into position and enclosed within the system. The 
X-ray Diffractometer then measured intensity X-ray at every 0.1 ° at a 28 range 
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of 20° to 75°. X-ray reflectivity measurements are made using the same X-ray 
source but the analysis and recording equipment was indigenous to the 
department, recording the X-ray intensity directly onto a chart. XRR required 
careful calibration of the sample alignment on every sample to ensure 
maximum sensitivity. This was performed by fine adjustment of the alignment 
whilst the detector is at a 29 angle of 2.5° until the maximum intensity was 
found. At this point the alignment was locked and the detector moved to a 29 
position of 5°, where the reflectivity measurement were started from. 
5.9 SEM, FIB AND SIMS 
SEM, FIB, and SI MS analysis were all performed by the courteous staff at the 
Department of Materials , Loughborough University. SEM, FIB and SIMS 
analysis required that the samples were mounted onto an aluminium die. The 
samples for analysis were mounted using conductive silver paste , and in the 
case where the substrate was insulating the conductive paste was extended to 
the edge of the film providing a conducting path to the aluminium die. This 
prevented surface charging of the sample which would render the imaging 
principle useless. 
5.10 SAMPLES 
During the course of the research presented in this thesis, a number of samples 
in a variety of series have been deposited and analysed. The first of these 
were films sputtered whilst varying the power and pressure, named series A-D . 
These were compared with films evaporated at different deposition rates , 
referred to as series E-F. The growth conditions used to deposit the most 
promising series of these, in terms of the highest mobility and lowest resistivity, 
were then applied to two new series of films in which the substrate temperature 
was varied. These films comprised series 3B and 5B and were Pulsed DC 
sputtered films, deposited to thicknesses of 100 nm and 500 nm, respectively. 
An RF sputtered series using the same deposition conditions was also 
introduced at th is point, also deposited to a thickness of 500 nm. An 
evaporated series, series G, was also grown for comparison and was also 
deposited to a thickness of 500 nm. 
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At this point RF sputtering was considered to be the most favourable and 
series I was introduced to study the structural properties of films deposited at 
half the sputtering power with respect to series H. Following series Hand 
series I, these conditions were used to deposit thin films onto substrates of 
silicon (111) , series SiJ, and silicon (100) , series Sil , at specific temperatures. 
Once the discovery of nanowires became a focus of further work, a number of 
films were deposited using the low power conditions of series SiI , SiJ and 
series I, onto substrates of glass, silicon(100) and gallium arsenide. These 
were performed at more refined temperatures so as to ascertain an upper 
temperature limit for nanowire formation . 
In parallel with the bismuth series a series of antimony films were deposited . 
These were grown at a range of temperatures from 30 to 175°C and were 
deposited onto substrates of glass, silicon (100) and silicon (111). These were 
analysed in terms of structure by XRD and SEM imaging and compared with 
bismuth films. Furthermore, two series of bismuth composites were also 
deposited , in order to investigate the structural changes that occur with the 
addition of non alloying elements. These elements were chosen to be 
aluminium and copper, and were co-deposited with bismuth , forming a 
composite structure. 
A flow diagram outlining the series that have been deposited , as detailed 
above, is included on the following page. This flow diagram is also included in 
Appendix 1 for easy reference and a full breakdown of all the films is given in 
Appendix 2. A complete listing of the analysis undertaken of all films is also 
included in Appendix 2. 
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Flow Diagram of Deposited Films and Analysis 
Series A , 
Pulsed DC 
2 mTorr, 50 W/O.8 Als 
20, 50, 100, 200, 500 nm 
Room Temperature 
Substrate of glass 
Series 8 , 
Pulsed DC 
1 ° mTorr, 50 W/1.0 Als 
20, 50, 100, 200, 500 nm 
Room Temperature 
Substrate of glass 
Series C a Pulsed DC 
1 ° mTorr, 100 W/3. 5 Als 
20, 50, 100, 200, 500 nm 
Room Temperature 
Substrate of glass 
Series D ! Pulsed DC 
2 mTorr, 100 W/2.7 Als 
20, 50, 100, 200, 500 nm 
Room Temperature 
Substrate of glass 
Series E Evaporated 
1.0 Als 
20, 50, 100, 200, 500 nm 
Room Temperature 
Substrate of glass 
Series F Evaporated 
10Als 
20, 50, 100, 200, 500 nm 
Room Temperature 
Substrate of glass 
Series 8iAI , a 
Pulsed DC aluminium 
RF bismuth, 10 mTorr 
500 nm , 160' C 
50 W bismuth, 
10, 15, 20, 25, 30 W 
aluminium 
Series 38, Pulsed DC ~ 
10 mTorr 
50 W/1.0 Als, 100 nm 
30, 50, 70, 90, 110, 125, 
145, 160, 175, 195' C 
..... 
Substrate of glass 
-,.. 
Series 58, Pulsed DC a 
10 mTorr 
50 W/1.0 Als, 500 nm 
30, 50, 70, 90, 110, 125, 
145, 160, 175, 195' C 
Substrate of glass 
Series H, RF 
10 mTorr 
50 W/1.0 Als , 500 nm 
30, 50, 70, 90, 110, 125, 
145, 160, 175, 195' C 
Substrate of Qlass 
Series I, RF 
10 mTorr 
22 W/O.4 Als, 500 nm 
30, 110, 160' C 
Substrates of Glass 
Series G Evaporated 
1.0 Als , 500 nm 
30, 50, 70, 90, 115, 135, 
145, 160' C 
Substrate of Qlass 
Series 8 iCu, , 
DC copper 
RF bismuth, 10 mTorr 
500 nm, 160' C 
50 W bismuth, 
2, 3.4, 5.1, 6.5, 8 W 
copper 
J 
Key: 
• Electrical Measurements 
• XRD Analysis 
Imaging 
Note: Not all films within 
a series were 
necessarily imaged 
Series SiJ , RF 
10 mTorr 
22 W/O.4 Als 
45 W/1.2 Als 
500 nm 
30, 110, 160' C 
Substrates of Si(111) 
Series Sil , RF 
10 mTorr 
22 W/O.4 Als 
45 W/1.2 Als 
500 nm 
30, 110, 160' C 
Substrates of Si(1 00) 
Various , RF 
10 mTorr ~ 
22 W/O.4 Als 
500 nm 
110, 125, 145' C 
Substrates of Glass, 
Si(100) and GaAs 
Antimony Films, RF 8 
10 mTorr 
50 W/1.2 Als, 100 nm 
30, 90, 110, 125, 145, 
160, 175' C 
Substrates of Glass, 
Si(100) and Si(111 ) 
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CHAPTERS BISMUTH ELECTRICAL RESULTS 
6.1 INTRODUCTION 
A number of samples from different series have had mobility, resistivity, carrier 
concentration and magnetoresistivity measured. The measurements aimed to 
show the relationship between these properties, the film thickness , and growth 
conditions. All films were grown using the methods described in Chapter 5. 
The variations in growth conditions consisted of changes in film thickness, 
sputtering pressure, sputtering power and substrate temperature as well as the 
difference between Pulsed DC sputtering , RF sputtering and evaporation . For 
electrical measurements it must also be noted that all films were deposited onto 
glass to provide an insulating substrate. 
All electrical measurement graphs are represented with a group of four subplots 
displaying results for carrier concentration in the top left position , carrier mobility 
in the top right, resistivity in the bottom left and magnetoresistivity in the bottom 
right position . The graphs of electrical results show the variation in these 
properties with the variations in film thickness or substrate temperature , 
depending on the series variable . 
6.2 SPUTTERING PRESSURE AND POWER 
Four series of bismuth thin films have been grown using differing sputtering 
pressures and powers. Series A-D each consists of five films, with film 
thicknesses of 20 , 50, 100, 200 and 500 nm. Series A-D differ by growth 
conditions as shown in Figure 20 and were used to obtain optimum properties 
to obtain the highest mobility. 
Sputtering Sputtering Deposition rate 
Power (w) Pressure (mTorr) (Ns) 
Series A 50 2 0.8 
Series B 50 10 1.0 
Series C 100 10 2.7 
Series D 100 2 3.5 
Figure 20 Table for the Sputtering Conditions of Series A-D 
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Electrical measurements for series A and B are presented in Figure 21 and 
Figure 22 respectively. 
These represent results for films deposited at different sputtering pressures at 
50 W sputtering power. Sputtering at a lower power leads to lower deposition 
rates as can be seen in Figure 20. The lower deposition rate should increase 
the grain size of the sputtered film , leading to lower resistivity and higher 
mobility. Also to note in the following results for carrier concentration are the 
differences between negative and positive. A negative value indicates an 
electron majority, whereas a positive value indicates a hole majority . The 
values have been left either positive or negative to indicate this property. 
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Figure 21 Series Ai Electrical Measurements 
From Figure 21 the change in electrical properties due to an increasing film 
thickness is evident. Of particular note is the sharp change in film properties 
between film thicknesses of 20 and 50 nm. The reasons for this could be two 
I Series A Room Temperature Pulsed DC at 2mTorr using sow/o.eAis onto glass 
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fold ; the changes in the surface area to volume of the grains increasing very 
quickly at such small dimensions, or the suspected semiconductor - semimetal 
transition predicted at 23-32 nm.(26; 27) Other notable observations include the 
direct dependence of magnetoresistance on mobility, and resistivity on carrier 
concentration . Magnetoresistivity in terms of the Hall Effect, as described in 
section 4.2.4, is very dependent on mobility. The dependence shows that the 
magnetoresistivity in these samples is almost certainly caused by the Hall 
Effect. 
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Figure 22 Series Bi Electrical Measurements 
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Figure 22 shows the results for series B sputtered at a higher pressure than 
series A. The general trends are very similar between the two series, although 
series B has a higher mobility, resistivity and magnetoresistivity than series A 
and a much lower carrier concentration . These differences constitute almost 
10% difference. 
I Series B: Room Temperature Pulsed DC at 10mTorr using 50W/l .0Ns onto glass 
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Figure 23 and Figure 24 show the electrical measurements of series C and D 
respectively. These results are from films sputtered at double the power of 
series A and B providing almost a threefold increase in deposition rate . 
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Figure 23 Series Ci Electrical Measurements 
Initial differences between series C and D are very similar to the differences 
between series A and B, where series A and D are both sputtered at the lower 
pressure of 2 mTorr and both present lower mobility, resistivity and 
magnetoresistivity than Band C. Series D does present a noticeably lower 
mobility, resistivity , magnetoresistivity and a higher concentration than series 
A-C. This is a significant difference to series A, Band C, where series D was 
deposited at a high power and high pressure which would decrease the 
average grain size. 
I Series C: Room Temperature Pulsed DC at 10mTorr using 50W/3.5Ns onto glass 
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In comparison between series A and B compared to C and D, the latter provide 
lower values of mobility, magnetoresistivity and resistivity and significantly 
higher carrier concentrations. This has shown that the higher deposition rate 
reduces the average grain size as predicted by equation 11 in section 2.4.2. 
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Figure 24 Series Di Electrical Measurements 
From these comparisons the sputtering parameters for series B had been 
carried forward to enable further investigation into film growth due to their 
favourable properties in terms of high mobility and magnetoresistivity. 
6.3 SPUTTERING TEMPERATURE 
To further enhance the electrical properties of bismuth , a study into the 
importance of substrate deposition temperature was undertaken. Further work 
was conducted for Pulsed DC sputtered films of 100 and 500 nm, using the 
I Series D: Room Temperature Pulsed DC at 2mTorr using 5OW/2.7 Als onto glass 
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sputtering conditions of series B. Secondary to this a series of films is 
presented, grown using RF sputtering for comparison . The 100 and 500 nm 
films grown by Pulsed DC sputtering are presented as series 3B and 58 
respectively. The RF sputtered films of 500 nm thickness are named series H 
and all these films have been deposited at temperatures ranges from 30°C to 
195°C. 
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Figure 25 Series 38i, 100 nm, Pulsed DC Sputtered Films 
Figure 25 shows the affect deposition temperature has on the electrical 
properties of 100 nm thick bismuth films. Firstly , it is easily seen that mobility 
and magneto resistivity increase dramatically with increasing deposition 
temperature, and that carrier concentration and resistivity decrease with 
increasing deposition temperature. Secondly, an important observation is the 
I Series 38: 100 nm Pulsed DC sputtered 10mTorr using SOW/l .0Als onto glass at various temperatures 
65 
difference from an almost linear response from 30°C to 100°C to an almost 
exponential increase from 125°C to 195°C. This suggests a noticeable change 
in crystal structure , whether it be a crystallographic or microstructural 
transformation. This important transition is observed further in the X-ray resu lts 
in section 7.4. 
Figure 26 represents the electrical data for series 58 , grown to 500 nm. The 
shapes of the data do show striking similarities to the results from series 38 but 
do show a number of very important differences. Firstly, it is easy to note that 
the highest deposition temperature has caused an adverse affect on the 
electrical properties, for example the mobility and magnetoresistance are seen 
to fall rapidly , which is not seen in Figure 25. 
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Figure 26 does show the similar step change at 125°C as in series 38 , but in 
this case the difference is also easily observed in the magnetoresistivity and 
mobility data. Further to note is that although Figure 22, showing the different 
properties at different thicknesses , shows 100 nm and 500 nm to be very 
similar, the differences between series 38 and 58 show there is a large 
difference in properties with just a slight increase in deposition temperature. 
Indeed, it can be seen that even raising the deposition temperature to 50°C 
doubles the mobility and magnetoresistivity of 500 nm films, whereas this 
temperature rise causes an almost unnoticeable change in 100 nm films. 
Figure 27 shows series H, the RF sputtered films presenting a contrast to the 
Pulsed DC sputtered films of Figure 26. This data does not show the striking 
change in properties at 125°C although it may be argued that there is still a 
slight change in values and temperature gradient (changing from linear to 
exponential) . The important observation from this data is that at 160°C mobility 
reaches in excess of 1000 cm2Ns and magnetoresistivity achieves 6% at 
0.55 T. This is almost a doubling of the values obtained from Pulsed DC 
sputtering and half the resistivity. 
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Figure 27 Series Hi, 500 nm, RF Sputtered Films 
6.4 EVAPORATED FILMS 
200 
200 
In order to compare sputtering to evaporation growth methods, samples of 
thicknesses 20, 50, 100, 200 and 500 nm have been grown by resistive 
evaporation. Series E represents evaporation conducted at a growth rate of 
1 Als and series F at 10 Als. The results for the evaporated series which are 
shown in Figure 28 and Figure 29, present difficulties in interpreting such 
results. 
I Series H: 500 nm RF sputtered 10mTorr using 45W/1.2A1s onto glass at various temperatures 
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Figure 28 Series Ei Evaporated at a Rate of 1 Als 
The positive values in carrier concentration indicating that holes are the majority 
carriers is not usual for bismuth. The inconsistent patterns in mobility and 
resistivity also indicate problems with the films. This has led to an investigation 
into possible contamination of the supplied evaporation material. Although the 
pellets are sold as typically >99.99% purity they are pieces of bismuth which 
are placed for evaporation. It is likely that the pieces of bismuth held slight 
variations in impurities leading to the confusing results below. For this reason , 
despite the high values of mobility and magnetoresistivity, the variations 
between films made evaporation an unviable technique for further electrical 
investigation within this work. Although low levels of impurities can severely 
affect electrical measurements , the studies into structure and crystallinity are 
still held to be at least partially unchanged and will still be presented in further 
I Series E: Room Temperature Evaporated at 1Als onto glass 
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chapters. In conjunction with this a SIMS analysis is also presented in 
comparison to a sputtered film to highlight possible differences. 
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6.5 SUMMARY 
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It has been shown from the results within this section that film thickness and 
deposition temperature have a very pronounced influence on the electrical 
properties, as does the sputtering mode. It has also been shown that a lower 
sputtering power and a higher pressure marginally affect the electrical 
characteristics of bismuth thin films grown at room temperature. An increasing 
film thickness tends to have an almost exponential change in electrical 
properties, most noticeably between 20 and 100 nm, beyond which the change 
in electrical properties becomes almost negligible. 
I Series F: Room Temperature Evaporaled at IONs onto glass 
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The trends with thickness are in good agreement with similar studies of all 
deposition types, from evaporation(28: 29: 30) to RF sputtering and MBE(31) . As 
further explanation to the observed effect, M.O.Boffoue et. al. shows the 
variation of grain size with thickness, when depositing bismuth by PLO 
techniques( 26) This shows a clear increase of grain size from -30 nm at a film 
thickness of 25 nm, up to -100 nm at a thickness of 35 nm before achieving a 
grain size of -700 nm at a film thickness of 110 nm. The exponential increase 
of grain size with thickness explains the electrical measurement trends very 
well. In particular, the effect of surface area to volume ratio, where the 
proportion of atoms in a surface state reduces as the grain size increases, 
reducing carrier concentration . The increasing grain sizes also reduce the 
scattering at grain boundaries to further reduce resistivity. 
The trends of electrical properties with substrate temperature show very 
interesting properties of sputtered bismuth . They suggest a pronounced 
change in either grain size or crystal structure at temperatures above 120 ' C. In 
comparison with work conducted by O. Kim et. al., who sputtered bismuth by 
RF techniques onto glass to a thickness of 180 nm, both studies present a 
change in trends at above 120' C. Although in the work presented in th is 
chapter the mobility increased rapidly after 120' C, whereas the work conducted 
by O. Kim et. al. presented very little change , almost a decline in mobility after 
120' C. This difference is difficult to explain although it must be noted that O. 
Kim et. al. used a deposition rate of 3.0 Als and a sputtering pressure of 
0.5 mTorr, whereas in the work presented here deposition rates are kept at or 
below 1.0 Als and a sputtering pressure of 10 mTorr. This difference may 
account for the differences observed above 120°C resulting from the low 
deposition rate and low energy deposition . 
The electrical measurements for evaporated films are almost impossible to 
interpret, except for their invalidity due to the positive carrier concentration , and 
particularly for series E, the positive gradient of carrier concentration with 
thickness. In these cases it is believed that impurities in the evaporation source 
material led to random changes in carrier concentration adversely affecting all 
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the measurements shown here. In order to establish th is theory two samples 
have been analysed using SIMS to establish the types and levels of impurities 
within the samples. The two samples under analysis were a sample from 
series H. deposited at 160 · C and a sample from series E of 500 nm thickness 
deposited at room temperature . These provided the following traces. 
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Figure 30 SI MS Analysis of Series Hi. Deposited at 160· C where the caption 
shows the SIMS results of masses 0-100 on a linear scale 
I Series H: 500 nm RF sputtered 10mTorr using 4SW/ 1.2Ns onto glass at various temperatures 
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Figure 31 SIMS Analysis of Series Ei, Deposited to 500 nm, where the caption 
shows the SIMS results of masses 0-100 on a linear scale 
Figure 30 and Figure 31 show that although the sputtered sample contains 
argon and some organic material , the evaporated film contains large 
concentrations of sodium and potassium. For sputtered fi lms the detection of 
argon is not unexpected as argon ions will become trapped within the film 
during growth. Organic material such as carbon, CH and C2H2 are usual 
surface contaminations expected on any film and are generally unavoidable. 
The evaporated film contains very high levels of sodium and potassium and 
could explain the erratic electrical measurements of the evaporated films. 
These impurities are a common nuisance to semiconductor industries and are 
known to affect properties such as resistivity and mobility. 
The SIMS analysis shown in Figure 30 also detected low levels of indium and 
niobium although actual amounts of these metals are difficult to calculate. The 
metals would be expected in very small amounts in a bismuth target and such 
contaminations would be expected with any film grown from such a target. For 
I Series E: Room Temperature Evaporated at 1.0Ns onto glass 
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evaporation such impurities are somewhat easier to remove due to the different 
vapour pressures although potassium and sodium will evaporate with bismuth . 
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CHAPTER 7 X-RAY RESULTS OF THIN FILMS 
7.1 INTRODUCTION 
A powerful tool for the structural analysis of any material is X-ray diffraction 
described by section 4.3. This is no exception for thin films, providing 
invaluable data such as preferential growth direction and grain size . An 
important first step to interpreting XRD data is a powder diffraction analysis . A 
powder sample, ideally presents a very large number of randomly orientated 
single crystal particles. This presents an ideal polycrystalline sample providing 
an XRD pattern with all possible reflections and relative intensities. For bismuth 
such a diffraction pattern shown below, where Figure 32 presents the diffraction 
pattern from powdered evaporation source material and Figure 33 represents a 
JPCDS standard for the XRD of bismuth using X-rays of 1.54060 A wavelength . 
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The X-ray diffraction patterns in Figure 32 and Figure 33 correlate very closely, 
showing that the X-ray data reported in this thesis is accurate and represent 
real structures in bismuth thin films. 
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X-ray analysis allows for the determination of crystal orientations within a 
sample. For the powder diffraction of bismuth the resulting indices are shown 
below(33) 
2-Theta Relative Rhombohedral {8) Hexagonal{32) 
Intensity H K L H K L 
22.49 3.25 1 1 1 0 0 3 
23 .79 1.5 1 0 0 1 0 1 
27.19 100 1 1 0 0 1 2 
37.99 36.58 2 1 1 1 0 4 
39.65 35.92 0 -1 1 1 1 0 
44.59 3.95 2 2 1 0 1 5 
45.90 5.93 2 2 2 0 0 6 
46.06 2.66 2 1 0 1 1 3 
48.74 18.35 2 0 0 2 0 2 
56.07 10.57 2 2 0 0 2 4 
59.30 2.83 3 2 2 1 0 7 
61.18 1.37 3 1 1 2 0 5 
62.23 12.76 3 2 1 1 1 6 
64.57 14.02 2 -1 1 1 2 2 
67.50 3.88 3 3 2 0 1 8 
70.85 9.31 3 1 0 2 1 4 
71.95 4.92 1 -2 1 3 0 0 
73.78 1.32 3 3 1 0 2 7 
As you can see the X-ray is sensitive to different orientations in different 
amounts resulting in relative intensities. In this case Rhom(110) at 27.19 28 is 
the most prominent peak almost 3100% that of the peak for Rhom(111 ) at 
22.49 28. This must be noted before the presentation of the following results 
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and will be considered in any conclusions and comparisons. X-ray results are 
presented in a 3D graph showing the XRD pattern of a whole series of films 
where the thickness or temperature variable is on the third axis. These are 
shown for bismuth thin films of varying thickness, films deposited at different 
temperatures, deposited onto different substrates and deposited at different 
sputtering powers. Results are also presented for films deposited by 
evaporation in series E and F, for different film thicknesses and deposition 
rates. Bismuth thin film XRD results are subsequently compared to Bi/AI and 
Bi/Cu composites deposited with different ratios of materials and antimony thin 
films deposited at different temperatures . 
7.2 X-RAY DIFFRACTION VS THICKNESS 
Of importance initially, is to understand the effect film thickness has on X-ray 
data. X-rays penetrate thin films to a relatively substantial depth. This is 
obvious by the appearance of substrate peaks in films >500 nm, as will be 
presented later in this chapter when analysing films deposited onto silicon. For 
this reason it is also clear that the greater the amount of sample exposed to X-
rays (ie thicker film) , then the higher the peak intensities for X-ray reflections. 
This is shown in detail in Figure 34, where series A has been analysed and the 
data plotted without any form of compensation for thickness. 
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Clearly, the reflection intensities increase with film th ickness , as more of the 
sample is structured, providing an increased volume for reflections. For th is 
reason when comparing fi lms of different thicknesses, the pattern for each XRD 
pattern is normalised, such that the largest peak in each trace is set to 1. Using 
normalised diffraction patterns for comparison allows fo r the re lative intensities 
between peaks to be compared , between films of different thicknesses . This 
technique wi ll not allow for the interpretation and comparison of peak intensities 
between films. Comparing relative intensities will show how the preferred 
orientation changes during the growth of a thin film from 20 to 500 nm. 
7.3 SPUTTERING PRESSURE AND POWER 
If we now compare the X-ray diffraction results from Series A, B, C and 0 we 
can see the effects of pressure and rate on crystal structure. Starting with 
Series A it is easily seen that initially the Rhom(111) peak is more prominent in 
I Series A: Room Temperature Pulsed DC at 2mTorr using 50W/O.SAls onto glass 
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the thinner films than the main peak of Rhom(11 0). Thicker films present a 
much more prominent Rhom(110) tending towards the polycrystalline X-ray 
diffraction pattern shown in Figure 32 . 
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In comparing Series A to Series B, where the difference is an increase in 
pressure from 2 to 10 mTorr, it is obvious that there is very little difference in 
the samples. The only noticeable difference is that the Rhom(111 ) peak is 
slightly smaller for the thickest films in Series B than Series A. These results 
agree with the data provided by the electrical measurements , where there is 
very little difference between series A and B. The higher Rhom(110) peak 
compared to the Rhom(111) peak could be indicative of slightly higher grain 
sizes or a greater mobility from the Rhom(11 0) crystal plane. 
I Series A Room Temperature Pulsed DC at 2mTorr using flJW/O.SAis onto glass 
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Below are the diffraction patterns for Series C and D where C is at a lower 
pressure than D, both sputtered at 100 W, In comparing series C to A and B 
there is very little difference between them, 
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Figure 37 Normalised X-Ray Diffraction of Series Cii 
I Series B: Room Temperature Pulsed DC at 10mTorr using 50W/1 ,OAis onto glass 
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Series D on the other hand presents a very different diffraction spectra than 
expected. In the thinner films the Rhom(111 ) peak is rather small in 
comparison to Rhom(110) but grows with film thickness. This is opposite to 
series A, Band C. The growth of the Rhom(111 ) peak is further emphasised by 
the increasing Rhom(222) which is a reflection of Rhom(111 ). In this trace it is 
difficult to tell whether it is an increase in the Rhom(111 ) peak or a decrease in 
the Rhom(11 0) peak. 
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In order to further investigate the differences in this peak, the diffraction data for 
the 500 nm film of series C has been compared to the 500 nm film of series D 
without normalisation. These will be plotted against the raw intensities from the 
X-ray diffraction data allowing for the direct comparison of the two series and is 
presented in Figure 39. This graph shows that the change is due to a marked 
increase in the Rhom(111) peak and the Rhom(222) reflection , with only a very 
slight decrease in the Rhom(11 0) peak. This can be interpreted to explain the 
electrical measurements presented in section 6.2, where series D exhibits a 
lower mobility, resistivity and magnetoresistivity and a higher carrier 
I Series D: Room Temperature Pulsed DC at 2mTorr using 50WI2.7A1s onto glass 
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concentration . This would suggest a smaller grain size or the differences 
between the mobility of electrons in different lattice planes. 
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7.4 SUBSTRATE TEMPERATURE 
Further to structural changes with thickness, the work reported within this thesis 
also investigated the temperature effects on structure. This is an important step 
in obtaining the optimal growth parameters for any material. The X-ray patterns 
in this section are all displayed without any normalisation in order to show the 
crystallinity changes with temperature . These graphs are aimed at showing the 
transition from one crystal structure to another as the substrate temperature is 
increased. Series 38 also shows the decrease in crystallinity as the substrate 
temperature approaches and exceeds an indicated surface melting point of 
bismuth . The graphs here show that the transition temperature is at about 
120°C and the surface melting point is near 195°C. These temperatures are in 
very good agreement with changes in electrical trends reported in section 6.3. 
; Series C: Room Temperature Pulsed DC at 10mTorr using 50W/3.5A1s onto glass 
• Series D: Room Temperature Pulsed DC at 2mTorr using SOW/2.7 Als onto glass 
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Figure 40 Series 38i, X-Ray Diffraction of Films Deposited at Various 
Temperatures 
Figure 40 shows a striking transition from a textured film, where the Rhom(111) 
peak indicates a preferential grow1h in this direction, to a more polycrystalline 
structure above 11 ooe as in Figure 32. The polycrystalline structure continues 
until a substrate temperature of 195°C, where the crystallinity almost 
disappears representing an amorphous film . 
I Series 3B: 100 nm Pulsed DC sputtered 10mTorr using 50W/1.0Als onto glass at various temperatures 
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Figure 41 Series 58i, X-Ray Diffraction of Films Deposited at Various 
Temperatures 
Figure 41 , representing series 58 , depicts very similar diffraction patterns as 
series 38 which is thinner. An obvious observation is that the diffracted 
intensity for the thicker 58 films is an order of magnitude larger than for 38. 
The second observation is that the film deposited at 195°C does not show the 
very amorphous nature observed from series 38. This may be due to the 
difference in film thickness changing the surface energies of the films and 
resulting in slightly different melting point. 
Figure 42 shows the films sputtered using RF rather than Pulsed DC. These 
films show a similar pattern to series 38 and 58 , although the difference in the 
crystallinity is much more noticeable in this case . Also the diffraction intensities 
for the RF sputtered films are an order of magnitude larger than for the films 
sputtered by Pulsed DC. The increased intensities indicate a higher level of 
crystallinity in RF sputtered films particularly at a deposition temperature of 
125°C, above which the intensities start to decline again. 
I Series 58: 500 nm Pulsed DC sputtered 10mTorr using 50W/1.0Als onto glass at various temperatures 
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Temperatures 
7.5 SUBSTRATE MATERIAL 
During the course of the work presented in this thesis a number of different 
substrate materials have been deposited onto including glass, silicon (100) and 
silicon (111). These have all been analysed using XRD and the results are 
presented here. The interesting thing to note is that there is very little 
difference between the crystallographic structures of the films grown on 
substrates of glass and different silicon orientations. Series Sil are films 
deposited onto silicon (100) and series SiJ films are deposited onto silicon 
(111 ). Each series contains films deposited at 30oe, 11 ooe and 160oe. Series 
Sil and SiJ have been split into two groups where each group has been 
deposited at an RF sputtering power of 45 Wand 22 W, respectively. The films 
deposited at 22 Ware compared to series I which is comparable to series H 
deposited under the same condition where series I is deposited at 22 Wand 
Series H at 45 W. All of these films were deposited using 10 mTorr chamber 
pressure, and are all grown to a thickness of 500 nm. 
i Series H: 500 nm RF sputtered 10mTorr using 45W/1.2A1s onto glass at various temperatures 
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t. Series I: SOO nm RF sputtered 10mTorr using 22W/OAA1s onto glass at various temperatures 
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Figure 45 Series Sil(45)i Deposited onto Silicon (100) Substrates at 45 W 
The films deposited onto silicon (100) show much larger peaks when deposited 
at 22 W than at 45 W. This wou ld be because of the length of time allowed for 
surface diffusion and the larger grain sizes required to form stable nuclei. The 
strange difference is that at 45 W the high temperature film is the lowest in 
terms of crystallinity whereas the films deposited at 22 W exhibit the strongest 
crystallinity at the highest temperatures, This pattern is also observed for films 
deposited onto glass substrates, Again on glass the films deposited at half the 
power (22 W) show peak intensities almost an order of magnitude larger. 
I Series SiJ(45): 500 nm RF sputtered 10mTorr using 45W/1,2Ais onto silicon(100) at various 
tern peratures 
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Figure 47 Series SiJ(45)ii Deposited onto Silicon (111 ) Substrates at 45 W 
; Series SiJ(22): 500 nm RF sputtered 10mTorr using 22W/OAAls onto silicon(111) at various 
tem peratures 
ii Series SiJ 
(45): 500 nm RF sputtered 10mTorr using 45W/1.2Als onto silicon(111) at various temperatures 
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Once again the films deposited at lower powers show a higher level of 
crystallinity. This is especially notable for the films deposited at the highest 
temperature. This pattern has now been found for all of the substrates of glass, 
silicon (100) and (111). Irrespective of the use of single crystal substrates the 
temperature dependence of the orientations remains the same. 
7.6 EVAPORATED FILMS 
The electrical results for the evaporated films show that there is a clear 
contamination issue in the samples. This does not seem to be affecting the 
X-ray diffraction data to a significant level, and thus the diffraction data is 
including in this section for comparison. 
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Figure 48 Normalised X-Ray Diffraction of Series Ei 
I Series E: Room Temperature Evaporated at 1.0Als onto glass 
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These results show a marked difference to the diffraction data from sputtered 
films representing the very different properties obtained between the deposition 
methods. The diffraction data from the evaporated films is in very good 
agreement with other works and present a highly orientated film growing in the 
Rhom(111) plane. Figure 50 shows the 500 nm films of series E and F without 
normalisation, allowing for the direct comparison between the two evaporated 
films. Upon comparison between the films it is clear that there is very little 
difference. It could be argued that there is a slight increase in the Rhom(110) 
peak although this is only a small increase. What can also be seen from this 
graph is that the relative intensity of the Rhom(111) peak far exceeds the peaks 
seen from sputtered films. This could represent an increased crystallinity of 
evaporated films, although sputtered films do exhibit a number of crystal 
orientations and may still be highly crystalline. This will be confirmed further by 
direct imaging of the films using SEM and FIB techniques. 
I Series F: Room Temperature Evaporated at 10Als onto glass 
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7.7 BISMUTH COMPOSITES 
It is noted that bismuth does not form alloys with aluminium or copper and 
therefore the co-deposition of bismuth and aluminium/copper should provide 
thin film bismuth with inclusions of aluminium/copper with a size distribution 
dependent on the deposition conditions. This should change the growth of 
bismuth considerably due to different free energies and mobilities of atoms on 
the surface . These results should provide very interesting alterations to the 
resulting structure of bismuth and provide some insight to the growth of such a 
composite structure. For these measurements bismuth growth conditions of 
160°C and 45 W RF to 500 nm was used. The sputtering power of the 
aluminium/copper was adjusted so as to provide deposition rates a fraction of 
the bismuth rate. This is presented as a percentage of the total deposited 
thickness of the deposited films and is 4.2 , 7, 10, 12.5 and 15 % as a 
percentage of volume/thickness. Aluminium is deposited using Pulsed DC at 
powers from 10 to 30 W whereas copper is sputtered using DC and powers 
between 2 and 8 W. All co-depositions are sputtered at 10 mTorr argon 
pressure to maintain the high mobility properties of bismuth . 
I Series E: Room Temperature Evaporated at t oAfs onto glass 
Ii Series F: Room Temperature Evaporated at lOAfs onto glass 
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7.7.1 Composite X-Ray Results 
Composite films of Bi/Cu and Bi/AI have been analysed by XRD in order to 
ascertain their crystal structure. The structure is very interesting with no 
distinguishable aluminium or copper peaks found in either sample. The XRD 
results are shown in Figure 51 and Figure 52. The Bi/AI composite shows the 
familiar bismuth diffraction pattern although a more pronounced tendency 
towards (111) growth. A strong (211) peak is also present at a 28 angle of 38· 
which does not coincide with any aluminium peaks but suggests a preferential 
growth direction with aluminium impurities. The Bi/Cu composite diffraction 
pattern shows a clear polycrystalline structure with no noticeable texturing . The 
important observation is that there is no aluminium or copper peaks present 
suggesting that the aluminium and copper must be in an amorphous phase. 
The fact that bismuth and copper or aluminium fail to form alloys is confirmed 
by the lack of expected peaks for any such alloy. 
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7.8 ANTIMONY THIN FILMS 
Antimony has a very similar structure to bismuth, both being group V elements 
with the same unit cell structure.(J4 35. 8) Antimony and bismuth have similar 
surface free energies of 383 and 376 erg/cm3 , respectively.(1 1) The material 
properties differ only in limited respects, these include the melting points and 
vapour pressures. The melting point of antimony is 635' C and 300' C for 
bismuth ,(11) whereas the vapour pressures result in antimony evaporating from 
solid phase, and bismuth evaporating from the liquid phase. Bismuth has a 
vapour pressure of only 10-9 Torr at its melting point whereas antimony has a 
vapour pressure of 1 Torr, with the general trend of the antimony having a 
higher vapour pressure at any given temperature. For these reasons the 
structure of antimony is investigated here, deposited at various temperatures. 
7.8.1 X-Ray Analysis of Antimony Thin Films 
In order to further establish the structural nature of sputtered antimony films the 
samples have been analysed using XRD. The XRD data has not been 
background corrected due to the very small peaks seen at room temperature. 
These films show a strong (111) texturing with almost no other peaks present 
until the deposition temperature reaches 175' C. The room temperature and 
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90°C deposited films show almost no texturing suggesting amorphous films 
below 110°C. 
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Figure 53 XRD Traces of Antimony Films Deposited onto Glass at Various 
Temperatures 
This is in contradiction to evaporated antimony films which show a (014) 
texturing (36) This is a striking difference to the deposition of bismuth films 
which show a polycrystalline structure. It is also noticeable that peak intensities 
of these films are smaller and broader than those of bismuth films of similar 
thicknesses (ie series 3B). The broader peaks are attributed to the smaller 
grain sizes of antimony films, whilst the lower intensity peaks suggest that the 
film consists of a large percentage of amorphous material. 
7.9 SUMMARY 
XRD results have been given for bismuth thin films grown by sputtering and 
evaporation . Of those that were sputtered, various deposition conditions were 
employed. This involved using different powers , pressures and temperatures, 
grown onto glass, silicon(100) and silicon(111) substrates. Evaporated bismuth 
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films, bismuth co-deposited with alumin ium and copper and sputtered films of 
antimony have been presented with comparison to sputtered bismuth films. 
Bismuth films deposited by sputtering at room temperature show a strong 
growth preference to the Rhom(111) direction perpendicular to the substrate 
surface. 
Bismuth th in films deposited at varying pressures and powers show very similar 
XRD patterns to each other, where only slight variations in relative intensities 
are observable. Of notable difference is series D, deposited at the lowest 
pressure, highest power and deposition rate . The XRD results for these films 
show that series A, Band C change from being highly (111) textured to slightly 
more polycrystalline as the film thickness increases, whereas series D becomes 
more highly textured as film thickness increases. The general trends of these 
series' indicate that power and pressure affect the structure and thus electrical 
properties. This is explained in section 2.4 detailing how rate, which is 
dependent upon deposition power, and incident energy determined by 
sputtering pressure affects film growth and determines the grain size. Electrical 
measurements of these films suggest that a low power (Iow rate) and a high 
pressure (Iow incident energy) results in favorable electrical properties. This 
trend is seen in the XRD results where a higher texturing of Rhom(111) is seen 
for films deposited at the lowest rate and incident energy. 
Films of bismuth deposited by Pulsed DC at different temperatures show a 
transition in texturing from highly (111 ) textured to polycrystalline at a 
deposition temperature of -110°C. Above 195°C the polycrystalline structure 
becomes less structured which is representative of surface melting . Bismuth 
films deposited using RF at different temperatures show a very similar transition 
although show a level of texturing higher than those deposited by Pulsed DC 
sputtering . Films deposited onto silicon show a very similar transition in 
structure and very similar levels of crystallinity to films deposited onto glass. 
The affect that temperature has upon the grain structure and film fonmation is 
described in section 2.4.1 . 
95 
Evaporated films show a very different texture to films deposited by sputtering, 
tending towards a (111) growth direction. The intensities of the (111) peaks of 
the evaporated films are almost an order of magnitude higher than sputtered 
films, suggesting a much higher level of crystallinity. The difference in structure 
between evaporated and sputtering thin films of bismuth can be explained by 
two very distinct differences. Firstly, evaporation is a much less energetic form 
of deposition and will therefore mean that adatoms have less kinetic energy for 
diffusion and re-evaporation . This is described in section 2.3 in terms of the 
grain structure changes with incident energy and arrival rate. Secondly, and 
possibly more interestingly, it has been shown by mass spectrometry that a 
large proportion of evaporated bismuth vapour is diatomic rather than 
monatomic as is generally expected from sputtering. (37. 38. 39) This was shown to 
reach a maximum of 25% at -575°C. Calculating the approximate temperature 
of evaporation provides a temperature of -650°C and -600°C for deposition 
rates of 10 As and 1 Ais,(39. 40) respectively obtained by interpreting published 
vapour pressure data and the pressure rise within the chamber during 
evaporation. Evaporation at such temperatures means that over 22% of the 
incident flux will be diatomic molecules. Diatomic molecules require a higher 
energy for re-evaporation but also will not diffuse as far as single atoms. This 
means that more atoms will nucleate fonming smaller grain diameters, and 
columnar films similar to zone 2 of the zone model.(41. 42) 
The XRD results of bismuth composites show a rather interesting structure . 
Although the structure is very similar to those of sputtered elemental bismuth , 
the XRD results do not show any signs of alloying or signs of copper/aluminium 
peaks as would normally be expected of such a structure. This suggests that 
the copper and aluminium is amorphous in structure. 
The XRD data of sputtered antimony films deposited at various temperatures 
show a film of similar structure to that of evaporated bismuth where the 
texturing is strongly in the (111) direction. The texturing is rather weak and in 
fact the films deposited at near room temperature show almost negligible 
texturing . There is a transition temperature at elevated temperatures of -150°C 
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changing towards a polycrystalline structure, which is a similar pattern to 
sputtered bismuth thin films deposited at the same temperature . 
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CHAPTER 8 FIB IMAGES OF THIN FILMS 
8.1 INTRODUCTION 
In this chapter the images obtained from FIB cross sectional analysis will be 
detailed and discussed. FIB. as described earlier. allows for a cross-sectional 
view of the film to show grain size. density and . to an extent. structure. It also 
enables for definitive thickness analysis of a film. 
Due to the time investment required by this technique. only four bismuth films 
have been analysed in this way. The films which have been imaged are two 
films from series 5B and two films from series H. Furthermore . a film from each 
of the Bi/AI and BilCu composite types was also analysed . The two films from 
each series represent the two temperature limits where the first films are the 
room temperature films and the second films were deposited at 160°C. Series 
5B represents Pulsed DC sputtered films deposited at 50 W under 10 mTorr 
argon providing a rate of 1 Als . Series H consists of RF sputtered films 
deposited at 45 W under 10 mTorr argon . providing a rate of 1.2 Als. All these 
films were grown to 500 nm thickness onto glass substrates . The films were 
then mounted as described in section 5.9 ready for FIB analysis. 
The melting point of bismuth is 544.45 K (271.3°C)(43) This means that films 
deposited at room temperature are already 0.55 T m (where T m is the melting 
point). so are deposited at or near zone 3 of the zone structure model proposed 
by Thornton(41 ). Grovenor et al.(42) The films grown at 0.55 T m are expected to 
be of columnar growth . with some grain formation starting to emerge at the 
transition between zone 2 and 3 at 0.5 T m. where the columnar growth of zone 2 
and the large granular growth of zone 3 intersect. The films deposited at a 
substrate temperature of 160°C are at -0.8 T m and are very far into the region 
of bulk diffusion. and therefore exhibit the extensive grain growth expected of 
zone 3 growth (41. 42; 44) 
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Before presenting the results it is necessary to describe what is being 
represented in the image. Figure 54 shows an imaged film and is labelled to 
detail the film , substrate and the platinum deposited for the FIB process. It is 
important not to confuse the platinum with the film under analysis. The 
platinum forms a protective layer from ion damage during the imaging process. 
This is particularly important with a material such as bismuth which is very 
easily sputtered away when using the ion imaging gun. This is evident in 
Figure 54 and Figure 55 on the film surface, where the surface close to the area 
under analysis has been sputtered away showing the grain boundaries quite 
clearly on the film surface. 
Film Surface 
Glass 
Substrate 
Sputtered 
waste 
Deposited Platinum 
Film Cross 
Section 
Figure 54 Description of FIB Cross Section Images 
8.2 ROOM TEMPERATURE FILMS 
As the electrical results for series 5B and H are almost identical in room 
temperature films, it is initially worth comparing these films for structural 
differences. 
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Figure 55 compares films from series 5B and H with similar deposition 
parameters comparing the sputtering modes of Pulsed DC and RF, respectively 
deposited at room temperature . The comparison shows quite clearly that there 
is very little difference in the physical structure of these films which correlates 
well with the X-ray and electrical data already presented. The SEM images 
confirm that the films are an average thickness of -500 nm and that the films 
are relatively dense with few voids throughout the thickness. 
Figure 55 SEM Images of Room Temperature Deposited Bismuth Films. Left: 
Series 5Bi Pulsed DC, Top: 40000x magnification, Bottom: 64960x. Right: 
Series Hii RF, Top: 35000x magnification, Bottom: 80000x. 
The grains are difficult to interpret at this scale but it can be seen that the 
growths are columnar, where grain dimensions perpendicular to the substrate 
approach the film thickness , but grain width is many times less (100-200 nm). 
I Series 58: Room Temperature Pulsed DC at 10mTorr using 50W/1.01Vs onto glass 
11 Series H: 500 nm RF sputtered 10mTorr using 45W/1.21Vs onto glass at various temperatures 
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8.3 ELEVATED TEMPERATURE FILMS 
If we now compare these films with films deposited under the same conditions 
but at elevated temperatures we see how the differences in the deposition 
temperature affect the structure of the films. 
The FIB imaging results from the series 5B film deposited at an elevated 
substrate temperature of 160°C is shown in Figure 56. This image shows that 
the surface is somewhat rougher than the film deposited at lower temperatures , 
but differences in the grain structure are difficult to distinguish. Figure 57 
shows the room temperature and elevated temperature deposited films of 
series B side by side. It is again difficult to see clear differences in grain sizes. 
Figure 56 SEM of Bismuth Fi lm, Series 8 i Pulsed DC Deposited at 160°C, Top: 
35000x magnification, Bottom: 50000x magnification . 
I Series B: Room Temperature Pulsed DC at 10mTorr using 50W/1.0Als onto glass 
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Figure 57 Ion beam images of series Bi Pulsed DC films deposited at, Left: 
room temperature , Right: 160· C 
In order to establish the differences in grain structure, surface SEM images are 
shown side by side in Figure 58. This shows a strong contrast between 
surfaces of Pulsed DC films deposited at room temperature and 160· C. The 
low temperature film has sparse large crystals separated by large areas of fine 
crystals. The high temperature film has a number of very large deposits but 
consists of many, relatively large crystals. The low temperature film has 
already been seen to consist of fine columnar growth as in Figure 55 , but a 
close inspection of the high temperature film raises the possibility of granular 
formation rather than columnar. This is confirmed if we look closer at the 
surface in Figure 59 where we can see the surface is made of larger crystals 
-300 nm in diameter with a faceted surface. This image shows a surface very 
similar to that of evaporated zinc grown at the same T sIT m( 41 . 45) 
I Series B: Room Temperature Pulsed DC at 10mTorr using 50W/1.0Als onto glass 
102 
Figure 58 Surface SEM Images of Series 5B; Pulsed DC Films Deposited at, 
Left: Room temperature, Right: 160· C, Top imaged at 52· from normal, Bottom 
imaged normal to the surface 
; Series B: Room Temperature Pulsed DC at 10mTorr using 50W/1.0/>Js onto glass 
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Figure 59 Series Bi DC Pulsed Bismuth Film Deposited at 160°C 
At this point the reader will have noticed the large structure in the centre of 
Figure 59 which is much larger than any of the crystals and much larger than 
the film thickness. It is also obvious that Figure 58 shows these same 
structures in the high temperature films, as well as long columnar structures 
protruding a long way from the surface in the low temperature films. These 
caused much discussion and interest, and formed the basis of detailed work 
presented in later chapters. 
Figure 60 and Figure 61 show the grain structure of the series H film deposited 
at elevated temperature. They show that the grains have become very large 
and that grain diameters are approaching the thickness of the film. Due to the 
large increase in grain size the film has become very uneven. Figure 61 best 
represents the roughness of the film and also shows that the surface of the film 
consists of large spherical deposits. The surface represents extensive grain 
growth far beyond the growth seen in Figure 59. It is believed that it is this 
I Series B: Room Temperature Pulsed DC at 10mTorr using 50W/1.0Als onto glass 
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increased grain size that leads to the favourable electrical properties seen in 
these films. 
--_ .... '11--
Figure 60 Series Hi Bismuth Film Deposited at 160· C Grown to 500 nm 
I Series H: 500 nm RF sputtered 10mTorr using 45W/1.2Ns onto glass at various temperatures 
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Figure 61 Series Hi Elevated Temperature 
8.3.1 Cross Sectional Images of Composite Films 
The bismuth - aluminium/copper composite films have been imaged using SEM 
and cross-sectional FIB, revealing a very interesting film microstructure. Both 
composites are of a very strange structure and show very high levels of porosity 
and non regular grain growth. The surfaces of both films shown in Figure 62 
were deposited at the lowest powers resulting in 4.2 % composite of copper or 
aluminium. 
I Series H: 500 nm RF sputtered 10mTorr using 4SW/1.2A1s onto glass at various temperatures 
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Figure 62 Composites of Left: Bi/AI and Right: BilCu of Volume Ratio 95.8:4.2 
The Bi/Cu composite shows a very stringy structure with a high density of 
irregular structures growing out from the surface. The Bi/AI composite shows a 
similar structure although the density of both composite structures is much 
lower. The same samples have then been imaged across their cross section to 
show the complete structure growing from the substrate . 
Figure 63 Cross Sectionallmaging Performed by FIB of, Left: Bi/Cu and Right: 
Si/AI 
Figure 63 shows the high porosity of both films and the very irregular structure 
throughout the film. The copper film structure is clearly made entirely of grains 
which are of very irregular shapes and growth patterns. The aluminium film 
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shows the same structures, but over a layer of very fine grains as seen in many 
of the low temperature deposited bismuth films. Of further note during this 
investigation was an image from the Bi/AI composite structure which is 
presented in Figure 64. It shows distinct nanowire structure as previously 
observed in Figure 58 . 
Figure 64 Nanowire Formation of the Bi/AI Composite Film with 4.2% 
Aluminium by Volume 
8.4 SUMMARY 
The FIB images in this section show a great deal of information relating not only 
to the growth of bismuth films but also to the differences between Pulsed DC 
and RF sputtering techniques. It has been shown that at low temperatures both 
techniques produce almost identical results in terms of film structure. The films 
are smooth , dense and consist of columnar deposits which correlate very well 
with the electrical results also presented within this thesis. The structural 
results for the RF deposited films complement published results for sputtered 
bismuth, particularly presenting very similar results for bismuth deposited at 
room temperature.(46) Unfortunately published cross sectional data of high 
temperature RF deposited bismuth remains to be found, although surface SEM 
show a number of similarities(46) The high temperature RF deposited films 
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show similarities to films deposited by flash evaporation onto a heated 
substrate , although the similarities are difficult to draw conclusively, due to the 
quality of published images.(47) 
The growths are largely columnar, as would be expected from depositions 
bordering zone 2 and 3 ( 41 , 42 . 44) Elevating the deposition temperature makes 
limited difference to the grain structure of films grown by Pulsed DC , although 
conversely makes a significant difference to RF sputtered films. RF sputtered 
films deposited at an elevated temperature of 160°C form very large, almost 
spherical grains. The dramatic difference that the two deposition methods 
make to the sample structure is not explained by the zone model alone. The 
difference between the techniques and resulting film structures must be due to 
the energetics of grain formation . 
FIB images of bismuth composite films show a randomly orientated and highly 
porous film structure. The images of the bismuth aluminium composite films 
show that nanowires can be formed during such a co-deposition at the elevated 
temperature of 160°C. It is also noted that composites of bismuth and copper 
do not show any nanowire formation . This type of structure is very interesting, 
particularly for very high surface area materials such as catalysts and reaction 
surfaces. 
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CHAPTER 9 SEM IMAGES OF THIN FILMS 
9.1 INTRODUCTION 
SEM imaging is a relatively quick analysis technique and is very useful for 
imaging thin films normal to the surface. Due to the ease of imaging this 
technique was used extensively whilst investigating the film surfaces and 
nanostructure formation . 
9.2 SPUTTERING PARAMETERS 
Initially a number of films have been imaged covering various sputtering 
conditions as laid out in previous chapters for series A, B, C and D, covering 
changes in sputtering pressure and power. The images for series B are from 
the FIB work laid out in the previous chapter and may be imaged from a 
different angle than the SEM images. At this stage this does not cause concern 
or interfere with the interpretation of the images. These images are included in 
Figure 65 where the image for series B is from the FIB analysis although still 
remains imaged from the same angle and almost on the same scale. From 
these images nanowires are found to be present in series A and B, and are up 
to -4 Ilm in length , interestingly with a diameter of -0.5 Ilm, equivalent to film 
thickness. Series C and D show some very small growths although they cannot 
quite be distinguished from larger grain structures or surface features of 
bismuth. Also of note are the much finer surface features present in series C 
than in other films . Series C was grown at the highest power and highest 
pressure of all the films and would have allowed for the lowest energy incident 
atoms combined with the highest flux of material. 
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Figure 65 Images of 500 nm Films for, Top Left: Series Ai , Top Right: Series Bii, 
Bottom Left: Series Ciii, Bottom Right: Series Div 
9.3 TEMPERATURE EFFECT 
As well as the investigation of the effect of target conditions, the effect of 
substrate temperature was also studied in order to establish growth 
parameters. For these samples the room temperature and 1600 G deposited 
films were imaged using the FIB, and films deposited at 70 0 G and 1100 G were 
imaged using the SEM system. 
I Series A Room Temperature Pulsed DC at 2mTorr using fJJW/O.sAls onto glass 
' Series B: Room Temperature Pulsed DC at 10mTorr using 50W/1.0Ats onto glass 
, Series C: Room Temperature Pulsed DC at 10mTorr using 50W/3.5Ats onto glass 
• Series D: Room Temperature Pulsed DC at 2mTorr using fJJW/2.7A1s onto glass 
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Series B 160' C Series H 160' C 
Figure 66 Series Si and Hii Deposited at Four Temperatures 
; Series B: Room Temperature Pulsed DC at 10mTorr using 5OW/1.0Ats onto glass 
iI Series H: 500 nm RF sputtered 10mTorr using 45W/1.2Als onto glass at various temperatures 
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The series H film deposited at room temperature was imaged after the platinum 
protective layer was deposited in the FIB system . Nonetheless these images 
show a clear increase in nanowire density and length from room temperature to 
70 0 e and 110o e . At 1600 e the films are then devoid of nanowires and show 
very different surface textures as described in the FIB chapter, resulting in the 
substantial increase in mobility and mag netoresistivity. 
The changes in the nanowire density and length with temperature, especially 
the absence of nanowires at 160oe , has prompted further imaging of the series 
H films deposited at 125°e and 145°e. The images in Figure 67 show a further 
increase in nanowire density and length at films deposited at 125°e before 
becoming devoid of any nanowire grow1hs at 145°e , despite the image 
covering a much larger area. 
Figure 67 Series Hi Film Deposited at Left: 125°e , Right: 145°e 
The very high density and length of the nanowires grown at 125°e is 
highlighted in Figure 68 where nanowires can be seen covering the entire film, 
with the majority of nanowires exceeding 20 IJm in length and all maintaining 
the same diameter. 
I Series H: 500 nm RF sputtered 10mTorr using 45W/1.2A1s onto glass at various temperatures 
113 
20,.., 
f-----1 
EHT = 5.00 !cV 
wo - 5mm 
Signal A = SE2 
Photo No. :::: 6180 
Figure 68 Series Hi Film Deposited at 125°C at a reduced scale 
A highly magnified image of the film grown at 145°C shows that the grain 
structure resembles that of Pulsed DC films grown at 160°C, more than the 
Pulsed DC sputtered film deposited at the same temperature. 
Figure 69 Series H film Deposited at 145°C 
i Series H: 500 nm RF sputtered 10mTorr using 45W/1.2A/s onto glass at various temperatures 
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This image does show the grain structure in great detail and the similarities with 
sputtered zinc.(41) This has shown that the growth probabil ity and length of 
nanowires increases with substrate temperature to a maximum between 125°C 
and 145°C, dependent on substrate material. The void surface of the higher 
temperature film exhibits a sudden transition suggesting a maximum 
temperature of formation for such a structure . 
9.4 EVAPORATED FILMS 
Evaporated films have been imaged in order to compare the grain structure and 
also in an attempt to ascertain the reasons behind the observed nanowire 
formation . 
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Figure 70 Evaporated Films Deposited at Rates of, Left: Series Ei 1 Als, and 
Right: Series Fii 10 Als 
The evaporated films show the very simplified version of deposition , varying 
only the deposition rate. This shows clearly that the reduced deposition rate 
allows for the growth of much larger grains than for films grown at a rate an 
order of magnitude faster. The important observation from the evaporated films 
is that there is no evidence of even the smallest of nanowire growths. This is in 
good agreement with published SEM images of evaporated films of similar 
deposition parameters.(48; 30. 47) The lack of nanowire growth is further 
I Series E; Room Temperature Evaporated at 1.0Als onto glass 
ii Series F: Room Temperature Evaporated at 10Als onto glass 
115 
confirmed by the images in Figure 71 shown on the same scale as the 
sputtered films . The images also show no surface features such as nanowires 
or large deposits as seen previously in some images. 
Figure 71 Evaporated Films Deposited at Rates of. Left: Series Ei 1 Als. and 
Right: Series Fii 10 Als 
9.4.1 Evaporated Films at Elevated Temperature 
In order to draw comparisons with sputter deposited bismuth films a series of 
evaporated films were deposited at elevated temperatures up to 160°C. The 
electrical results for such films contained significant errors and are not possible 
to draw any conclusions from. similar to the room temperature grown films . The 
elevated temperature deposited films were evaporated at a rate of 1.0 Als 
under the same conditions as series E. detailed in section 6.4. The images of 
two such films deposited at a temperature of 110°C and 160°C are shown in 
Figure 72. 
i Series E: Room Temperature Evaporated at 1.0Als onto glass 
ii Series F: Room Temperature Evaporated at 10Als onto glass 
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Figure 72 SEM Images of Evaporated Bismuth Films Deposited at Left: 11 Q·C 
and Right: 16Q·C 
The images from series G show a very contrasted surface texture of the film 
evaporated at 11 Q·C when compared with a sputter deposited film at the same 
temperature. The evaporated film shows a relatively smooth surface, with a 
very dense surface of irregular shaped grains that are smaller than grain sizes 
of sputtered films. The evaporated film deposited at 16Q· C is indicative of a 
melted surface which has been seen in sputtered films at temperatures at, or 
above , 16Q· C. These films show a very different grain structure and film 
morphology than sputtered films and do not show any nanowire formation . 
9.5 SEM SURFACE IMAGES OF COMPOSITE FILMS 
Due to the discovery of nanowire formation on the surface of the Bi/AI 
composite film with low aluminium content, SEM images of the Bi/Cu and Bi/AI 
films of higher copper/aluminium content are presented in this section. The 
results show the changes made to the growth requirements of nanowires by the 
addition of aluminium and a structure void of nanowires by the addition of 
copper. 
Figure 73 quite obviously shows the abundant nanowire growth from Bi/AI 
composite films. This shows that nanowire formation at a temperature as high 
as 16Q· C is possible by the addition of as little as 4.3% aluminium by volume 
and up to at least 15% aluminium. This raises the possibility of promoting 
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nanowire formation in films of other materials by the addition of composite 
materials. What can also be noticed from the higher magnified images of 
nanowires is that small bright spots sit on the surface of the nanowires. 
Figure 73 Bi/AI Composite Films of, Top: 10%.vol. AI and Bottom: 15%.vol. AI 
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Figure 74 Bi/AI Composite Film with 15% AI by Volume. Close up of Nanowire 
Figure 74 shows a close up image of a nanowire on the composite film with 
15% aluminium. The brighter spots can very easily be seen across all of the 
film and seem to be sat on the nanowire rather than included within it. The 
bright spots are bel ieved to be aluminium particulates on the surfaces of 
bismuth , but the mechanism which promotes the growth of nanowires by the 
addition of aluminium is not understood. The aluminium dots are present in 
rather large numbers and range from 100-200 nm in diameter, presenting a 
rather interesting nanocomposite structure . 
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Figure 75 Bi/Cu Composite Films of, Top: 10%.vol. Cu and Bottom: 15%.vol. 
Cu 
Figure 75 shows that nanowire formation is not present on Bi/Cu for copper 
concentration of between 4.3 and 15% by volume. However the images do 
show a decreasing size of structures with increasing copper concentrations. 
This suggests that the copper is acting as a nucleation site for grains, where the 
nucleation sites increase in concentration as the amount of deposited copper is 
increased. 
9.6 SEM SURFACE IMAGES OF ANTIMONY THIN FILMS 
In order to investigate the structure of antimony films, surface SEM images are 
presented showing the changes in structure between 30, 110 and 175°C 
deposition temperatures. These are shown deposited onto glass, silicon(100) 
and silicon(111) and are compared to bismuth thin films grown at similar 
substrate temperatures and rates. 
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Figure 76 Antimony Films Deposited at 50 W, RF to a Thickness of 100 nm, 
where Circles Represent a Magnified Area of X2.5 
Most noticeably from Figure 76 is the increasing grain size with temperature. 
Room temperature films show tetragonal grains in the region of 40-70 nm. This 
is found with the films deposited onto glass and silicon (100) but the films grown 
on silicon (11 1) consist of a dense film of grains of -30 nm. The films grown at 
110°C show similar grain sizes, but form a higher density film than the films 
grown onto room temperature substrates. The grains have also changed from 
a tetragonal shape to a more irregular polygon shape. The films grown at 
175°C have much larger grains of between 200 and 400 nm. 
9.7 POST DEPOSITION ANNEALING 
During the discovery of nanowire fonmation , questions relating to their formation 
have led to a simple test being performed in order to ascertain if the extended 
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time at elevated temperature during growth and cooling is causing the direct 
growth of nanowires, independent of the deposition. This has been the mode of 
formation in nanowires which are formed during stress relief at elevated 
temperatures such as for tin. (34.49. 50) For this test the series H film deposited at 
30°C was split into two pieces and one was exposed to 125°C for 5 hours under 
vacuum. 
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Figure 77 Series H 1 Sample Left: as Sputtered and Right: After Exposure to 
125°C for 5 hrs Under Vacuum 
Figure 77 shows that there is very little difference between the films in terms of 
nanowire formation . If there is a slight difference between the films then it 
implies that the exposure to high temperature for an ex1ended time removes 
nanowires rather than promotes the growth of them. 
9.8 SAMPLES GROWN ONTO STATIONARY SUBSTRATES 
The randomly orientated growth of nanowires, at a seemingly constant angle 
from the surface, has caused some confusion . For this reason samples grown 
without the standard 30 rpm substrate rotation were deposited. It is quite easily 
seen that nanowires still grow in all orientations from the surface showing that 
the direction of material flux does not noticeably affect the direction of nanowire 
growth . 
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Figure 78 Bismuth Thin Film Deposited at 110·C onto Silicon (100) where Left: 
is on a stationary substrate and Right: is on a rotated substrate of 30 rpm 
9.9 VARIATIONS IN POWER AND SUBSTRATE 
Due to the differences in nanowire growth between films grown by different 
sputtering methods, a number of films have been grown at a lower power of 
22 W. Films deposited at this lower power, at temperatures of 30·C, 110·C, 
160·C are presented as series I in Figure 79. These are each presented in two 
scales so as to show the nanowire density in more detail. These films show a 
very similar pattern to the films deposited at 45 W at the same temperatures. 
The noticeable difference between series H deposited at 45 Wand series 
deposited at 22 W is the increased length of the nanowires in the latter series. 
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Figure 79 Thin Films Series li, Deposited at, Top Left: 30· C, Top Right: 110· C, 
Bottom: 160·C, onto Glass Substrates 
These are then compared with films deposited at the same temperatures on 
single crystal silicon wafers with orientations of (111) and (100) . SEM images 
are shown below for nanowires deposited at 45 Wand 22 W, presenting a 
direct comparison . 
i Series I: 500 nm RF sputtered 10mTorr using 22W/OAA!s onto glass at various temperatures 
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Figure 80 RF Sputtered Films Deposited onto Glass Substrates at 11 OOG at 
Left: 45 W/1.2 Ats and Right: 22 W/O.4 Ats 
Figure 81 RF Sputtered Films Deposited onto Silicon (100) Substrates at 1100 G 
at Left: 45 W/1.2 Ats and Right: 22 W/O.4 Ats 
Figure 82 RF Sputtered Films Deposited onto Silicon (111) Substrates at 11 OOG 
at Left: 45 W/1.2 Ats and Right: 22 W/O.4 Ats 
The figures above show that the single crystal silicon wafers result in films with 
nanowires that have a greater length than films grown onto glass substrates . 
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The nanowires are roughly double the length of the nanowires in films grown at 
twice the deposition power. This could be for a number of reasons although it 
does reflect evidence that nanowires are not caused by surface imperfections 
or surface contaminations, but rather because of the structure and/or surface 
energies of the substrate. This will be discussed in much greater detail in 
section 9.12.2. Further to the deposited films already shown, a number of films 
have been deposited onto gallium arsenide (100). Gallium arsenide presents 
another surface where the surface energy of the substrate is very different and 
allows for different growth characteristics, as dictated by equations detailed 
within the film formation chapter. A film deposited onto GaAs which has been 
deposited at 110°C at 22 W/OA Als is shown in Figure 83. 
Figure 83 RF Sputtered Film, Deposited onto a GaAs Substrate at 110°C, 
22 W/0.4 Als shown at 2 different scales 
The images of Figure 83 show that much longer nanowires grow from the 
surface, than from films grown onto any other substrate. The nanowires are 
easily exceeding 20 IJm in length and yet maintain a diameter of 500 nm. The 
image on the right of Figure 83 shows that a large number of these nanowires 
exceed 100 IJm in length, presenting a nanowire over two orders of magnitude 
longer than the film is thick. Such a growth suggests localised increases in 
deposition rate of over 200:1, far greater than has been found by any 
depositions detailed so far, or detailed in any publications found to date for 
physical vapour deposition techn iques. 
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Many films have been grown showing that a number of factors affect the growth 
of bismuth nanowires. Primarily the deposition temperature and substrate type 
have large affects on the nanowire density and length. It has already been 
shown that for depositions onto glass, 125°e is the optimum substrate 
temperature for achieving the greatest nanowire density and length. The 
growth of nanowires follows a pattern of increasing nanowire length and density 
with increasing deposition temperature . This pattern holds until a transition 
temperature is reached , above which no more nanowires are found . In order to 
find the transition temperature for nanowire growth on each substrate a number 
of depositions have been performed at various temperatures. These have all 
been grown at the lower deposition power of 22 W RF and deposited at 125°e 
and 145°e. These temperatures have been chosen because 125°e has 
already been shown to be optimum for nanowire growth on glass at 45 W RF 
and the images for 11 ooe onto GaAs have already been presented in Figure 
83. 
• 
&<To 600"" ~".Sl::l 
wo- ,.... _ ... ·.n. 
Figure 84 Bismuth Films Deposited onto Silicon (100) at 22 W at Left: 125°e , 
Right: 145°e 
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Figure 85 Bismuth Films Deposited onto GaAs at 22 W at Left: 125' C, Right: 
145' C 
Figure 86 Bismuth Films Deposited onto Glass at 22 W at Left: 125' C, Right: 
145' C 
Figure 86 shows very long nanowires of low density deposited onto substrates 
heated to 145' C. This is rather strange as the films deposited at 45 W at the 
same temperature show no nanowire formation. This indicates an energy 
dependency of nanowire formation that is highly dependent on deposition rate 
and deposition temperature , suggesting that the mechanism is not just diffusion 
dependent but also rate dependent. Figure 85 shows the absence of 
nanowires at deposition temperatures of 125' C and 145' C on GaAs. The 
image of the deposited film at 145' C shows an isolated , very long nanowire. 
This feature was only found at this point on the whole sample and shows five 
very long nanowires in very close proximity. The isolated feature suggests a 
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local area substrate defect or temperature variation . The images show that the 
optimum temperature for nanowire formation on GaAs is between 1100 e and 
12Soe , as shown in Figure 83 and Figure 8S. Figure 84 represents nanowire 
formation on silicon substrates and shows that the film deposited at 12Soe has 
a very low number of nanowires although they are rather long, exceeding 20 
IJm. The film deposited at 14Soe is completely devoid of nanowires suggesting 
an optimum temperature in the region of 12Soe for nanowire formation on 
silicon substrates. 
9.10 VARIATIONS IN FILM THICKNESS 
So far all nanowire containing films have been grown to a thickness of SOO nm 
and this section will outline how changes in the films thickness affect the growth 
of bismuth nanowires. For the investigation into film thickness and also as an 
insight into nanowire growth , films of 20, SO, 100, 2S0 and 400 nm were 
deposited. The 20 and SO nm films were grown at a substrate temperature of 
1200 e and the 100, 2S0 and 400 nm films were grown at 14Soe. All films were 
grown using 22 W RF power under 10 mTorr argon pressure onto glass 
substrates . 
The results of such films show that the nanowire diameter is dependent on the 
film thickness rather than any other process variable. All SOO nm films produce 
nanowires of almost SOO nm whereas thinner films of 400 , 2S0, 100, SO and 
20 nm produce wires with diameters in the region of 4S0, 27S, 240, 170 and 70 
nm, respectively. This shows how sub 100 nm diameter nanowires can be 
formed from direct PVD techniques. Images of such nanowires are included 
below shown at an appropriate scale for each nanowire. 
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20 nm film 
Figure 87 Nanaowires Formed on Films Grown to Thicknesses of 400, 250, 
100,50 and 20 nm. 
Although the concentration of nanowires on the surface and the length of the 
nanowires reduce dramatically, it is a very important aspect of the nanowire 
growth and also a significant advantage in this method of formation . 
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9.11 CHEMICAL ANALYSIS OF NANOWIRES 
Whilst taking images of the nanowire growth on the surfaces of bismuth films, 
obvious questions relating to the chemical nature of the nanowires arose. It 
was assumed that such growths were made of elemental bismuth due to similar 
contrasts in SEM images. In order to ascertain the chemical nature of the 
growths a sample was analysed using energy dispersive X-ray analysis using 
the FIB. The FIB allowed for selective area analysis meaning that the nanowire 
could be compared to the film surface. 
C,O Bi 
Si 
C, Si 
Figure 88 Selective EDX Analysis of Bismuth Nanowire with analysis areas 
highlighted on the SEM image 
The EDX analysis in Figure 88 shows that the chemical nature of a nanowire 
and films surface is identical, with identifiable peaks of bismuth , oxygen and 
carbon . This shows that within the sensitivity of EDX, the film and the nanowire 
are pure bismuth. 
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9.12 NANOWIRE FORMATION 
Nanowire or whisker formation from thin film deposition has been observed in a 
number of papers spanning the last few decades.(4. 5; 51 . 52. 53, 54, 55, 56. 57, 58) The 
reasons behind the observed formation in these instances vary according to the 
methods of formation and deposition , The three main methods for nanowire 
growth are stress induced structural formation during the heating of 
multilayered films , Vapour-liquid-Solid (VLS) growth involving a liquid catalyst 
on the surface to promote the nucleation and growth of nanostructures, and the 
high pressure injection of molten material into a template. Each method results 
in a variety of nanostructure sizes, densities, orientations and structures and 
these are currently used to produce nanowires made of various materials. 
Although whiskers or nanowires have been made of ZnO,(51) Si, (52) Ge doped 
Si (53) SiC (54) AI (55) GeO (56) Ga ° (56) In (57) and bismuth (4 58; 59. 5. 60) the direct 
I , I 2, 2 3, I I 
PVD growth of nanowires or whiskers, as seen in this thesis , has not been 
found in literature to date. 
9.12.1 Existing Nanowire Formation Techniques 
Bismuth nanowires and whiskers are most commonly produced by the high 
pressure injection technique. This technique involves forcing molten bismuth 
into a template under high pressure.(61; 62) This method imposes limits in terms 
of the diameter of nanowires possible and having to dissolve the template in 
order to obtain isolated wires. The size and shape of nanowires produced by 
high pressure injection is defined by the template which is used. Although this 
is currently the most used technique for the formation of bismuth nanowires, it 
is very different to the method presented in this thesis, and employs very 
different growth mechanisms. 
The VLS method requires the use of a material which will form a solution with 
the deposition material. The vapour of the deposition material dissolves into a 
molten droplet on the substrate surface. The dissolved vapour then precipitates 
out of the droplet onto the substrate forming a single crystal whisker or 
nanowire . The single crystal structure is believed to form due to the enhanced 
mobility of the deposition material within the molten droplet. The molten droplet 
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sits on top of the growing nanowire allowing for the continuous growth of the 
nanowire , resulting in a nanowire tipped with the molten material. This method 
does show some striking similarities to the nanowires that have been 
demonstrated within this work. Firstly the nanowires will be shown to exhibit tip 
growth , similar to the VLS method , secondly the nanowires are seemingly 
single crystal as can be seen by the FIB images, similar to VLS growth. The 
major difference with the VLS method is that the deposition of the films 
demonstrated in this work involves no molten catalyst or the presence of any 
other material except for elemental bismuth. This means that the nanowires 
that are grown have no liquid - solute phase, without any catalyst on the 
surface. There is also no evidence that a liquid droplet formed on the nanowire 
tip, as seen in the VLS method. 
The VLS method of formation has only been reported to occur in bismuth films 
on a single occasion , by Bhimarasetti and Sunkara in 2005(4) In this paper the 
evaporation of bismuth onto gallium and also the co-deposition of bismuth with 
gallium was reported to produce prolific nanowire growth from the surface. The 
rest of the paper was concerned with other methods of producing a bismuth 
solute in molten gallium. Although the method of forming a solution of bismuth 
into gallium varied , the precipitation of the bismuth out of the molten gallium 
resulting in the formation of nanowire structures seems to be a consistent 
phenomenon. 
In terms of stress induced whiskers or nanowires, only one such publication 
from 1962 documents the growth of bismuth structures by such methods(63) 
This paper reported the formation of nanowires of diameters ranging from 0.5 to 
5 ~m , and of lengths of up to 8 mm. The paper stated that the growth of 
nanowires from evaporated bismuth onto manganese was possible by heat 
treating the samples at temperatures of 230°C to 260°C post deposition. The 
publication also explicitly stated that the formation of nanowires was exclusive 
to bismuth films deposited onto manganese layers. This is similar to the growth 
of ZnO nanowires which have been found to grow using RF sputtering onto 
single crystal substrates but only in the presence of a copper base layer(51) 
This type of growth is unique in the fact that the nanowire grows out from the 
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base rather than tip growth as in the VLS method . The fact that the growth is 
from the base rather than the tip rules out this method being responsible for the 
nanowires observed in this work . This is confirmed by interpretation of the 
possible growth mechanism of the structure outlined in section 9.12.2.2. 
9.12.2 Proposed Mechanism for Observed Nanowire Growth 
The growth of the nanowires shown in this thesis exhibit a number of distinct 
differences with respect to existing methods of nanowire formation. Firstly, it is 
important to note that the films were sputtered from a pure bismuth target of 
99 .99% purity. Secondly, the films experienced no post deposition thermal 
processing as in stress induced films. Thirdly, for the nanowires found in the 
pure bismuth films no initial seed layers or co-deposited materials have been 
used, but nanowires are still present on the surface of such films. This 
excludes all of the methods detailed so far as an explanation for the growth of 
the observed nanowires presented in this thesis. 
9.12.2.1 Structure Anisotropy 
The observations detailed so far dictate the necessity of a new theory for the 
growth of nanowires directly from physical vapour deposition. It has already 
been reported that certain materials with an anisotropic crystal structure can 
experience preferential growth directions. (64) These are generally seen in 
materials with monoclinic and hexagonal structures, where the preferential 
growth direction is along the trigonal axis. This has already been seen in films 
of ZnO,(51 ) Ge02(65) and Mn02,(66) although the growth of all these nanowires 
has required a catalyst or precursor film for nanowire growth . The principle 
behind anisotropic growth is due to a difference in the surface energies of the 
different lattice planes. Anisotropic surface free energies arise from significant 
differences in atom densities in different lattice planes. In germanium and 
sil icon th is increases from 1835 and 2130 erg/cm3 for the (100) plane, to 1300 
and 1510 erg/cm3 for the (110) plane , respectively. (67) This is compared with 
the (111 ) plane with energies of 1060 and 1230 erg/cm 3, respectively. In 
bismuth it is well known that the (111) plane has the lowest surface free energy 
and that the Fermi surface of bismuth experiences a very large anisotropy. (34. 2. 
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50. 5) In turn this influences the growth rate of the film on the different surfaces 
with competing diffusion and sticking probabilities on the different energy 
surfaces. It has been shown that in instances of anisotropic crystal surfaces, 
octahedron shapes can be formed in the c-axis direction, reducing the energy 
of the system.(·9) The reduction in energy is usually initiated by stress build up 
in the sample which is reduced by the growth of stable nanowires.(68) This has 
been investigated in great depth for tin , where tin whiskers are known to grow 
from bulk or thin film tin where large stresses are introduced during 
formation . (69) 
9. 12.2.2 Growth Mode 
The important concept with the tin whisker growth is that the growth of the 
whisker is from the base(69) which is contrary to the growth mode observed of 
the bismuth nanowires presented here. The bismuth nanowires reported in this 
thesis are grown by tip growth , confirmed by the image in Figure 89. The 
image shows two nanowires which have grown in close proximity, and crossed 
over mid-growth. The specific point of crossover shows the nanowires growing 
around each other. If this growth was due to base growth , then the nanowires 
would push past each other rather than grow around each other, as shown 
below. These types of growths are shown in more detail in Chapter 10. 
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Figure 89 High Magnification Image of a Crossover Nanowire 
9.12.2.3 Tip Growth Mechanisms 
The structure of bismuth is rhombohedral as described in the previous section , 
and has surfaces of very different energies. The (111) surface has a much 
lower surface free energy than the other lattice surfaces. This would allow 
nuclei stability to occur sooner, resulting in preferential growth in the (111) 
direction. In most films observed in the work presented here or in work 
presented in other literature the presence of nanowires is not observed. It is 
believed that this is because the growth rates between the (111) nanowire 
orientation and other lattice directions are generally not dispersed enough to 
result in an observable nanostructure pattern . However the nanowire formation 
that is observed is found at very low deposition rates and increases as 
deposition temperatures rise to an optimum. This suggests that we may be 
sputtering on the very limit of achieving a permanent condensate. In this 
mechanism the different surface energies of the crystal structure means that a 
stable condensate on one surface is probable, whereas the probability of a 
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stable condensate on any other surface is very much improbable. This explains 
the increasing nanowire length with substrate temperature , the increasing 
length with lower sputtering power and the observed tip growth of nanowires. 
This affect would be increased by the surface diffusion of highly mobile 
adatoms which , when deposited onto the surfaces along the surface of the 
nanowire , will diffuse to the tip and contribute to the tip growth . The relative 
contributing effects of surface diffusion and preferential growth is unknown but 
both mechanisms would almost certainly be possible in these conditions. 
A growth mechanism that explains the constant angle of growth from the 
surface is much more difficult to find . It has been shown by X-ray analysis of 
thin films that the films are highly orientated towards the (111) direction . It is 
believed that the nanowire growth direction is either (111 ), as nanowires grown 
by other techniques are reported as being, or (110) which grows at a similar 
angle to the (111) plane as the nanowires grow from the surface. It is believed 
that the uncommon crystal growth direction of (110) leads to the growth of (111) 
nanowires at an angle from the initial growth direction. The reason why 
surfaces of (111) or whichever plane is the growth direction does not continue 
to grow normal to the surface is not currently understood. This will hopefully be 
established with further investigation into the growth structure . 
In addition the proposed mechanism explains why evaporated films , which by 
XRD analysis have been shown to have a single crystal growth direction, do not 
exhibit the preferential growth and nanowire formation observed in sputtered 
films. This is because the single orientation growth of evaporated films would 
lead to a film , where the orientation required for nanowires is either not present 
or is in the vertical direction. If the nanowires are vertical this would lead to a 
columnar growth of a film rather than distinguishable nanowires. 
9.13 SUMMARY 
The SEM images presented in this section show a number of properties of 
bismuth, antimony and composite thin films. Primarily, the grain structure of 
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thin films deposited at various temperatures and the comparison between 
sputtered bismuth, evaporated bismuth and composite grain structures was 
investigated . Further to the grain structures of the films, the apparent prolific 
growth of bismuth nanowires is also observed and the various factors 
contributing to their growth have been discussed. These nanowires have been 
shown to be bismuh and of the same chemical nature by EDX analysis. 
Upon first comparisons between sputtering power and pressure very little 
difference in terms of surface structure is observed. Closer inspection reveals 
that the occurrence of large surface artifacts (ie initial stages of nanowire 
growth) are only observed in films deposited at the lower power of SO W which 
provides a lower incident flux of atoms at the substrate . This is explained by 
the relationship between arrival rate and grain formation detailed in section 2.4. 
In fact the series D films which were grown at the lowest sputtering pressure 
and highest power shows no observable nanowire growths. In all of these films 
the grain sizes of the films seem to exhibit a bimodal size distribution with a 
number of spherical surface features approaching O.S - 1.0 Ilm, and a large 
number of much smaller grains comprising the uniform film. 
Bismuth films deposited at elevated temperatures onto glass substrates show a 
transition from films which exhibit nanowire growth to films devoid of nanowires 
at a substrate temperature between 12SoC and 14SOC. This transition 
temperature is very near the transition temperature observed from XRD 
structural analysis and the analysis of electrical properties for the same films. It 
has been observed that above this temperature the films become very smooth 
with large, regular shaped and sized grains. This pattern is observed for films 
grown by Pulsed DC and RF sputtering modes although the films deposited by 
RF sputtering result in much larger grain sizes at elevated temperatures. The 
increased grain size of RF sputtered films explains the increased mobility and 
favorable electrical properties detailed in the electrical results section. This also 
goes some way to explain the higher intensity XRD peaks of RF sputtered films 
when compared with Pulsed DC deposited films. Using these techniques it was 
found that prolific nanowire growth exceeding 20 Ilm in length could be 
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achieved when depositing bismuth onto substrates heated to 125°C and 
deposited using RF sputtering. 
Evaporated bismuth films deposited at 1 Als and 10 Als showed a difference in 
grain sizes to each other of approximately half, where the lowest rate provided 
the largest grains. This can be interpreted as the differing deposition rate 
changing the critical nuclei size , as detailed in section 2.4. The grains observed 
in evaporated films are polygon shaped and are of a very uniform size 
distribution in both films. The grains are considerably larger than those of 
sputtered films. This is counter intuitive from the equations provided in section 
2.4. The larger grains do however explain the increased peak intensities of the 
XRD data from evaporated films which suggest films of a very different texture 
to those of sputtered films. The different grain structure between sputtered and 
evaporated films is expected to be due to the different crystal orientations and 
therefore different surface energies experienced during deposition. The 
reasoning behind such differences can only be attributed to the different 
incident energies of atoms between evaporated and sputtered films . Of 
significant note is that the evaporated films show absolutely no sign of nanowire 
or nanostructure growth. This is attributed to the single growth orientation 
experienced by evaporated films not allowing for nanowire growth under the 
proposed mechanism detailed in section 9.11 . Evaporated films deposited onto 
heated substrates show a very different structure to those of sputtered films. 
Evaporated films deposited at a substrate temperature of 110°C show a very 
dense and smooth surface; whereas films deposited at a substrate 
temperatures of 160°C show a film composed of globular deposits most likely 
due to surface melting . 
Thin films of antimony deposited by Pulsed DC sputtering onto different 
substrates materials at different temperatures show the general trend of 
increasing grain size with increasing temperature as expected and predicted in 
section 2.4. Between films deposited onto different substrates there are very 
little structural differences, although films deposited onto silicon substrates 
demonstrate a slightly more uniform size distribution of grains when compared 
with films deposited onto glass. In comparison with bismuth thin films , 
antimony films contain grains which are much smaller, achieving a maximum 
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grain size of - 200 nm at an elevated temperature of 175· C. Further to note is 
that antimony has shown no nanostructure growths over the limited range of 
sputtering conditions investigated. 
Bismuth composite films of bismuth and copper/aluminium have been imaged 
providing an insight into growth alterations by non alloying inclusions. FIB 
images of the Composite film cross section have shown the films to be highly 
porous and irregular. Surface SEM images of the films have confirmed this 
structure throughout films deposited at various elemental ratios. Of particular 
note is that all these films have been deposited onto glass substrates at 160· C 
and have resulted in films containing very long nanowires in the case of Bi/AI 
composites, but a complete absence of nanowires for Bi/Cu composites. The 
nanowire growths observed in Bi/AI composites show lengths exceeding 
100 IJm, and of very high densities. The nanowire structures are covered with 
small globular features, believed to be amorphous aluminium on the surface of 
single crystal bismuth nanowires. The length of such nanowires far exceeds 
the nanowire lengths achieved whilst depositing pure bismuth and at a 
temperature far above those possible with pure bismuth . 
In an effort to determine the exact methods of growth, the effect of heating the 
substrate, post deposition was found not to promote nanowire growth by 
imaging of post deposition heated films. Further to this, images of films grown 
onto stationary rather than rotated substrates have been presented and show 
that this also has no effect on the growth of the nanowires. These suggest that 
the growth of the nanowires is by the direct growth mechanism detailed earlier 
in this chapter, whereby the nanowires are grown directly during sputtering 
rather than by preferential sputtering directions or by stress relief at elevated 
temperatures. 
Further investigations into substrate temperature and substrate types revealed 
that the optimum growth temperature is slightly dependent upon the substrate 
materials. The optimum temperatures for nanowire growth were found to be; 
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Microscope Glass 
Gallium Arsenide 
Silicon (111) 
Silicon (100) 
125°C -145°C 
110°C-125°C 
-125°C 
-125°C 
This suggests the nanowire growth is dependent upon the surface energies as 
required by the proposed growth mechanism detailed earlier in this chapter. 
As a further investigation into nanowire growth , thinner films have been imaged 
in an attempt to observe the early development of nanowires. The surface 
SEM images of thinner films suggest that not only do the nanowires grow 
longer but also that the diameter of the nanowires increases as the film grows 
thicker, where films of 400, 250, 100, 50, and 20 nm produce nanowires with 
diameters in the region of 450, 275, 240, 170 and 70 nm, respectively. These 
are much thinner than bismuth films deposited to a thickness of 500 nm which 
have all resulted in nanowires - 500 nm in diameter. This opens the possibility 
or commercially being able to predefine the diameter of nanowires which is an 
important step to commercialising the use of nanowires. This may also allow 
for further investigations into quantum size affects using a tailored size of 
bismuth where the mean free path of the carriers exceeds the diameter of the 
wire and becomes a 1 D structure. 
It has been shown that the growth of these nanowires is by tip growth, currently 
unknown for elemental sputtering of any material without a precu rsor. This may 
allow for the development of nanowires grown by further materials using the 
mechanism of growth. This method of tip growth is unique and the density and 
length of nanowires presented in this thesis allowed for the formation of 
numerous physical junctions between structures. These are investigated 
further in the following chapter. 
Comparisons have been drawn with most other common methods of nanowire 
formation and differences concluding this to be a different mechanism of growth 
than currently known. 
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CHAPTER 10 BISMUTH NANOWIRE CROSSOVERS 
10.1 INTRODUCTION 
During the progression of the work presented in this thesis, a very interesting 
phenomenon started to become apparent whilst imaging the bismuth 
nanowires. The analysis indicated that the nanowires grew by a tip growth 
mechanism rather than the more common stress induced base growth , and 
more interestingly, the nanowires grow around each other before resuming their 
original growth paths and sizes. Any resemblance to such a structure has not 
been found in literature and is believed to be the first instance of such self 
assembled nanowire intersections and further work on such structures is 
required. This phenomenon has been found to be common to almost all films 
exhibiting nanowire formation , and occurs when growing nanowires cross 
paths. An example of such a junction is shown in Figure 90. 
Figure 90 Crossover Images of Two Different Substrates 
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It is important to note that one wire grows around the other rather than merging, 
and is most likely caused when a nanowire tries to pass an already existing 
nanowire . Growths of this nature are only possible by tip growth . Base growth 
would force the nanowires to bend past each other as complete, solid 
nanowires. This discovery, which has been found on multiple substrates where 
the nanowires are long enough to cross paths , raised questions concerning the 
type and quality of the junction between them. In an attempt to resolve some of 
these questions, FIB techniques have been used in an attempt to extract such a 
'cross over' junction for further analysis. 
10.2 PREPARATION FOR NANOWIRE REMOVAL 
In order to extract such a nanowire assembly for analysis a suitable substrate 
was first required. For this method an insulating , clean substrate was required 
in order to perform good quality electrical tests. The substrate was thermally 
oxidised silicon (100) as it provides a very clean , stable and insulating 
substrate. Onto the silicon , four gold contact pads were deposited by thermal 
evaporation . This was performed in an indigenous evaporation system, so as 
to allow for perpendicular evaporation and the use of effective masking. The 
gold was masked using two 25 IJm gold wires placed at 90 degrees across the 
whole silicon sample. This provided an excellent area in the centre of the 
substrate where all four ends of the bismuth crossover could be electrically 
contacted to . The quality of the gold coated substrate was tested electrically 
and optically before use. An SEM image of such a sample is shown in Figure 
91 . 
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Figure 91 SEM Image of the Accepting Substrate 
The samples of bismuth that were chosen as the donating film for such a 
crossover were three of the most suitable samples in terms of nanowire length 
and denisty. This increased the chances of finding a crossover suitable for 
extraction and placement onto an accepting substrate. 
10.3 FIB REMOVAL AND ATTACHMENT OF A CROSSOVER 
The FIB and the staff conducting the experiment had not previously performed 
such a task, so a number of samples were prepared in order to allow for the 
inevitable failures. In total six crossover removals were attempted but only one 
was completed successfully. Such three dimensional manipulation of a fragile 
sample was fraught with complications. Firstly, due to the small size of the 
nanowires and the close up imaging required to perform the work, only short 
periods of imaging were possible before the samples melted , as shown in 
Figure 92. This made accurate manipulation very difficult to perform as images 
of the required work had to be restricted . This led to a certain degree of 'flying 
blind' in terms of moving the micromanipulator and was the reason behind a 
number of fa ilures. Secondly, the nanowires had to be of appropriate 
orientation to enable their cutting and removal from the surface. This meant 
that the nanowire had to protrude from the surface a suitable distance and that 
the junction was sufficient distance from the substrate surface so as to avoid 
excessive imaging and platinum deposition onto the junction. Thirdly, the 
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orientation manipulation was difficult as the micromanipulator did not have a 
rotational degree of freedom. This meant that the structure had to be pushed 
flat from whatever orientation the structure was at during removal. 
Figure 92 Melted Crossover due to Over Imaging 
Added to this the topography of the thermally oxidised silicon surface could not 
be imaged due to the insulating nature, so this required a great deal of work in 
obtaining the best orientation . This problem caused the loss of one sample but 
did provide very interesting evidence as to the nature of the structure. In 
attempting to manipulate a crossover so as to lay it flat, a nanowire was 
inadvertently bent through a complete 90 degrees before the tension caused 
the nanowire to 'flick' from the required position and was never to be found 
again. Although this did cause a great deal of frustration the ability for the 
nanowire to undergo such elastic deformation without breaking confirms the 
single crystal nature of the nanowire and integrity of the cross over. The image 
shown in Figure 93 shows the nanowire which exhibited such mechanical 
properties. In this figure the leg in contact with the manipulator was 
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compressed resulting in this arm bending through 90 degrees without breaking 
or showing signs of cracking or permanent deformation. 
Figure 93 Just Prior to Losing the Crossover 
In the end the placement procedure was perfected and a sample was 
successfully removed from the surface of a film and placed onto the accepting 
substrate. The procedure involved attaching a leg of the crossover with the 
micromanipulator, detaching the two nanowires from the film surface, 
movement to the substrate area before placement onto the thermally oxidised 
silicon surface. Placement consisted of small movements towards the surface 
which resulted in a small deflection of the nanowire. This indicated the 
nanowire had touched the surface and the contacting leg was welded to the 
surface before the micromanipulator was detached and the nanowire was 
pushed to the surface. The remaining legs were welded to the surface before 
contact pads were deposited onto each gold contact area. The images from 
such a procedure are shown in the following figures. 
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Images of a Crossover before and after Removal from the Surface 
Moving a Crossover to the Substrate and Placing onto the Surface 
Welding a Leg before Flattening the Sample to the Surface and Subsequent 
Welding 
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Final Images of Attached Sample and Image of Crossover 
10.4 SUMMARY 
These results show the common occurrence of naturally intersecting nanowire 
structures and the ability to harvest the crossovers for analysis and/or 
commercial use. To our understanding , this is the first instance of a naturally 
occurring junction between two nanowires and may present an important step 
in nanostructure development. Unfortunately, at the time of writing , the 
crossover had not yet been analysed and therefore the electrical significance of 
the crossover is unknown. It is understood from the crossover formation that a 
physical contact exists between the nanowires and that this junction is able to 
support itself during movement and manipulation. This is further supported by 
the ability of the assemblies to undergo significant deformation, manipulation 
and movements without a single breakage of the junction, outlining the flexibility 
of such structures. It is also confirmed by the fact that crossover junctions 
occur that this growth method is by tip growth, which is almost unique in the 
growth of nanowires. 
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CHAPTER 11 FINAL CONCLUSIONS 
By far the most interesting discovery worthy of further investigation are the 
results demonstrating nanowire growth . These findings are further enhanced 
by the evidence suggesting that the nanowires are of a single crystal structure . 
This technique provides a unique and simple method of growing single crystal 
nanowires that, as earlier sections have shown, have the ability to grow 
naturally-occurring intersections between the nanowire structures. These were 
subsequently extracted and placed onto a separate substrate for testing. This 
method is, as far as the author is aware , the first instance of an intrinsically 
grown intersection between two nanowires. This represents an important step 
in nanowire self assembly and developing complex nano scale structures. 
11.1 DEPOSITION AT VARYING POWERS, PRESSURES AND 
THICKNESSES 
The electrical properties of bismuth thin films deposited at various powers , gas 
pressures and thicknesses demonstrate some of the unique properties of 
bismuth thin films and how sputtering conditions can be used to manipulate 
them. Room temperature sputtered films of various thicknesses show a plateau 
of mobility, carrier concentration , resistivity and magnetoresistivity at 
thicknesses above 100 nm. It has been shown that films deposited using the 
lowest power but the highest gas or vice versa, exhibit the lowest values of 
mobility and the highest carrier concentrations. 
values of power and pressure resulted in the 
It was shown that the mid 
highest values of mobility 
-60 cm2N s and lowest carrier concentrations of -1 x1 0.20 cm-3. These results 
have shown that the electrical properties are strongly affected by thicknesses 
less than 100 nm. It has also been shown that pressure and deposition power 
(resulting in rate differences) can affect the electrical properties of sputtered 
bismuth thin films. 
The XRD results show that as film thickness increases from 20 nm to 500 nm, 
the preferential orientation of the crystallites change as the films grow from 
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highly textured towards the (111) direction, to films less textured in nature but 
still slightly orientated towards the (111) direction . The (111) texturing is more 
pronounced for films deposited at the highest power and pressure. Films 
sputtered under conditions of high power and pressure provide incident atoms 
similar to those expected from evaporation, consisting of low arrival energy and 
a relatively high arrival rate . Films deposited at lower powers and pressures 
show a more polycrystalline structure. In contrast to sputtered films, 
evaporated films are almost entirely orientated towards the (111) direction, with 
very high intensity peaks and reflections from the (222) plane. 
These patterns in structure and electrical properties are explained by the effect 
of incident energy and arrival rate on the size of the critical nuclei, as outlined in 
section 2.4. The differences in the electrical properties and trends in the XRD 
results indicate that the thinner films have much smaller grains, as is expected. 
11.2 THIN FILMS DEPOSITED AT DIFFERENT TEMPERATURES 
The results within this thesis show a general trend of increasing mobility and 
magnetoresistivity, and decreasing carrier concentration and resistivity, with 
increasing substrate deposition temperature. This trend has been established 
for 100 nm and 500 nm films deposited by Pulsed DC sputtering and also for 
the 500 nm thick RF sputtered films . The electrical properties show that a 
transition occurs at a temperature near 11 O' C. 
It has been shown that increasing the substrate temperature for depositions up 
to 160' C increases the mobility almost an order of magnitude and results in RF 
sputtered films with a mobility as high as 1100 cm 2Ns and magnetoresistivity 
as high as 6% at 0.55 T. This indicates some of the highest published electrical 
results from a sputtered thin film of bismuth , which are usually only achievable 
using evaporation techniques. 
The XRD results of 100 nm and 500 nm films deposited by Pulsed DC 
sputtering and 500 nm films deposited by RF sputtering show a similar 
transition with regard to the electrical measurements for equivalent films. This 
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transition is at around 110°C and marks a substantial change from a (111) 
preferential growth direction to a (110) preferential direction resulting in a 
polycrystalline structure at the highest temperatures . The transition is most 
likely due to the increased diffusion allowing for polycrystalline growth at 
elevated temperatures. This change is most noticeable in RF sputter deposited 
films and shows a much higher crystallinity than films deposited by Pulsed DC 
sputtering. The films deposited onto silicon (100) and silicon (111 ) seem to 
show similar trends at these temperatures but show much higher crystallinity 
(defined by the peak intensities) when sputtered at 22 W rather than 45 W due 
to the increased diffusion on the surface at lower deposition rates and the 
increased size of critical nuclei. 
11.3 FIB CROSS SECTIONAL IMAGING 
The FIB results highlight the difference in grain sizes due to deposition 
temperature. The FIB cross sectional imaging of various films has shown how 
the film microstructure changes from exhibiting quite small , interlocked grains 
deposited at low temperatures, to larger grains with island formation leading to 
a more irregular surface during high temperature deposition . The high 
temperature film deposited by RF sputtering shows much more irregularity of 
the surface with grain sizes approaching the film thickness when compared to 
Pulsed DC sputtered films. The images show that RF sputtered films consist of 
adjacent grains growing from the substrate to the surface without interruption . 
11.4 SEM IMAGES OF SURFACES 
SEM images of the film surfaces show large changes in the grain sizes with 
substrate temperature, with a more regular size distribution at the highest 
growth temperatures. Whilst at lower temperatures an almost bimodal size 
distribution is present. The SEM images of Chapter 9 show the transition from 
these films , towards nanowire growth and a further transition to a film consisting 
of similar sized large grains. Pulsed DC and RF sputtered films show a huge 
change in structure between films deposited at 110°C and 160°C, confirming 
the transition in electrical properties described in section 11 .2 where the SEM 
images show the transition from a non uniform grain size distribution to a 
151 
relatively large, uniform grain size . These images also show the prolific 
emergence of nanowires from the surface of bismuth films deposited at 
temperatures up to 11 O· C. 
The surfaces of evaporated films show very different structures to those of 
sputtered films. The evaporated films exhibit grain sizes that are an order of 
magnitude larger for deposition rates of 1 Als rather than 10 Als. The 
evaporated films deposited at elevated temperatures also show a different 
transition in grain structures when compared to similar sputtered films of 
bismuth. Films evaporated at 110·C show very dense film surfaces , similar to 
those of evaporated zinc films, in which the grains were of irregular shapes and 
sizes averaging -300 nm. However, the films evaporated at temperatures of 
160· C did show depositions resembling droplet formation of bismuth as seen in 
literature of evaporated bismuth . 
It has been shown by SEM imaging of bismuth thin films that the post annealing 
of bismuth does not promote the growth of nanowires. This shows that 
nanowires are grown by direct growth from magnetron sputtering deposition. 
This conclusion was made by comparing a room temperature deposited sample 
exhibiting very limited nanowire growth and a section of the same sample 
exposed to 5 hours post deposition vacuum heating at 125· C. 
11.5 BISMUTH NANOWIRES 
Obviously from the work presented in this thesis the most unique discovery is 
the growth of crystalline nanowires from the direct deposition of elemental 
bismuth thin films. These nanowires have been shown to be bismuth by EDX 
analysis and of the same chemical nature as the film surface. The 
requirements for the growth of bismuth nanowires are a relatively high 
sputtering pressure, investigated here up to 10 mTorr, and a low sputtering 
power, tested as low as 22 W RF power. These sputtering conditions provided 
the growth conditions for the longest nanowires when deposited at the ideal 
temperature, dependent upon the substrate that was used. GaAs substrates 
were found to produce the longest nanowires, reaching over 100 IJm in length 
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whereas films deposited onto silicon substrates heated to 125°C exhibited the 
greatest density of long nanowires, nearing 100 IJm. The upper temperature 
limit for the growth of nanowires has been found to change depending on the 
substrates , from 110°C for GaAs to 145°C for glass substrates. 
The exact growth mechanism for the observed nanowires is still unidentified . 
The observation of crossovers show that the growth mechanism is by tip 
growth , which using existing methods of nanowire growth is only possible by a 
liquid catalyst riding on the tip of the nanowire during growth . The tips of the 
nanowires presented in this thesis do not show an enlarged , irregular or 
different surface to the rest of the nanowire as the method of VLS predicts. The 
films have not been deposited with any other element, confirmed by EDX 
analysis of the nanowire and film surface. The growth method clearly suggests 
an orientation dependent growth direction, speculated to be in the (111) or 
(110) direction, indicative of a nucleating surface and diffusion dependent 
mechanism which is highly dependent upon substrate temperature , arrival rate 
and adatom energy. 
11.6 NANOWIRE JUNCTIONS 
Further to the growth of individual nanowires, the growth of intersecting 
nanowires forming physical junctions between nanowire structures have been 
shown to be common on films with a high nanowire density. It has been 
demonstrated that the junctions between nanowires are stable and strong 
enough to support their own weight. Where nanowires have grown around one 
another it is possible to extract the junction from a surface and re-attached it to 
another surface. This is the first instance of a naturally occurring , physical joint 
between two single crystal nanowires being removed from a sample surface 
and placed onto a receptacle and bonded to contact pads in order to allow for 
electrical measurements to be undertaken. This mechanism has the potential 
to contribute towards the production of self-assembled nanostructures and 
assemblies. The junction has the possibility of showing un ique electrical 
properties between two single crystal wires which are intersected by most likely 
amorphous material. 
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FURTHER WORK 
From the conclusions given, there are a number of investigations required to 
continue the work presented in this thesis . Initially, and most prominently a 
mechanism for growth has to be fully identified. This requires starting with 
detailed investigations into the crystal structures of the nanowires and the 
growth from the substrate . Further to this an expansion into the sputtering 
conditions is required so as to identify the parameters with the largest affect on 
nanowire growth. This must primarily be by expanding the sputtering pressure 
and power range under investigation. Further to the sputtering parameters , the 
choice of substrates must also be expanded particularly towards substrates 
with closer lattice dimensions to bismuth films such a BaF2. Beyond identifying 
the growth mechanism and exact conditions of growth , the next step would be 
to grow the nanowires normal to the substrate by the choice of substrate 
material, and the growth of longer nanowires from the surface. 
The logical step after obtaining such information is to grow materials of similar 
properties , (ie antimony, tin, lead and possibly even graphite) to equivalent 
growth conditions. If the growth mechanism is due to preferential growth and 
diffusion as speculated , then the deposition rate and deposition substrate 
temperature should allow for other materials to grow nanowires as seen in this 
thesis. This could leave to the ability to grow nanowires of many materials very 
easily when compared to many other techniques. 
Further to the investigations into growth conditions and materials , it may then 
be possible to reactively transform such nanowires. Many waveguides are 
oxides or nitrides. With the appropriate temperatures and reactive atmosphere, 
the existing bismuth thin films could easily be oxidised to provide nanometer 
sized waveguides for use in nano-optics and nanoelectronics. 
Of utmost interest are the electrical properties of the crossovers found between 
bismuth nanowires, as reported in this thesis. The results from such 
measurements may gain wide ranging interest in nanoscience, nanoelectronics 
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and quantum physics as the dimensions of the wires approach that of 10 
structures . 
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APPENDIX 1: FLOW DIAGRAM OF DEPOSITED FILMS 
Series A a 
Pulsed DC 
2 mTorr, 50 W /O.8 Als 
20, 50, 100, 200, 500 nm 
Room Temperature 
Substrate of glass 
Series B ! Pulsed DC 
10 mTorr, 50 W /1.0 Als 
20, 50, 100, 200, 500 nm 
Room Temperature 
Substrate of glass 
Series C a Pulsed DC 
10 mTorr, 100 W /3. 5 Als 
20, 50, 100,200, 500 nm 
Room Temperature 
Substrate of glass 
Series D a 
Pulsed DC 
2 mTorr, 100 W /2.7 Als 
20, 50, 100, 200, 500 nm 
Room Temperature 
Substrate of glass 
Room Temperature 
Substrate of glass 
Series F Evaporated 
10 Als 
20, 50 , 100, 200, 500 nm 
Room Temperature 
Substrate of glass 
Series BiAI, a 
Pulsed DC aluminium 
RF bismuth, 10 mTorr 
500 nm, 160' C 
50 W bismuth, 
10, 15, 20, 25, 30 W 
aluminium 
Series 3B, Pulsed DC a 
10 mTorr 
50W/1.0Als, 100 nm 
30, 50, 70, 90, 110, 125, 
145, 160, 175, 195' C 
..... 
Substrate of glass 
... 
Series 5B, Pulsed DC ! 
10 mTorr 
50 W /1.0 Als, 500 nm 
30, 50, 70, 90,110, 125, 
145, 160, 175, 195' C 
Substrate of glass 
Series H, RF 
10 mTorr 
50 W /1.0 Als, 500 nm 
30, 50, 70, 90,110,125, 
145, 160, 175,195' C 
Substrate of Qlass 
Series t, RF 
10 mTorr 
22 W /OA Als, 500 nm 
30, 110, 160' C 
Substrates of Glass 
Series G Evaporated 
1.0 Als, 500 nm 
30, 50, 70, 90, 115, 135, 
145, 160' C 
Substrate of Qlass 
Series BiCu , 
DC copper 
• 
RF bismuth, 10 mTorr 
500 nm, 160' C 
50 W bismuth, 
2, 3.4, 5.1, 6.5, 8 W 
copper 
a 
Key: 
• Electrical Measurements 
• XRD Analysis 
• Imaging 
Note: Not all films vvthin 
a series were 
necessarily imaged 
Series SiJ , RF e 
10mTorr 
22 W /OA Als 
45 W /1.2 Als 
500 nm 
30, 110, 160' C 
Substrates of Si(111 ) 
Series Sit , RF • 
10 mTorr 
22 W/OA Als 
45 W /1.2 Als 
500 nm 
30, 110, 160' C 
Substrates of Si(1 00) 
+ 
Various , RF 
10 mTorr 
22 W /O.4 Als 
500 nm 
110, 125, 145' C 
Substrates of Glass, 
Si(100) and GaAs 
Antimony Films, RF e 
10 mTorr 
50 W /1.2 Als, 100 nm 
30, 90, 110, 125, 145, 
160, 175' C 
Substrates of Glass, 
Si(100) and Si(111 ) 
160 
APPENDIX 2: COMPLETE LISTING OF FILMS 
Analysis 
Series Na me aDd e T hickness. Subslralc Sputtering Deposition Substrate ~ :; Power/ra le Va riable • ·e e co tempera tu re, Pressure Type material 
" li '" ;;: 
om 
X in on 'C ;;; 
A • Thickness X X 
" 
RT :1: mTorr PULSED DC SOW 10 aAl, GLASS 
X X SO RT 2 mTorr PULSED DC 50W IO.sAl. GLASS 
X X '00 RT 2 mTorr PULSED DC SOW IQ,sAl. GLASS 
X X 200 RT 2 mTorr PULSED DC SOW IO.sAi. GLASS 
X X X lOO RT 2 mTorr PULSEDOC SOW f O.SAl. GLASS 
B · Thickness X X 2. RT 10 mTOIT PULSED OC SOW , LoAf, GLASS 
X X ,. RT JO mTOIT PULSED OC sOW' l.oAl, GLASS 
X X .00 RT 10 mTotr PULSED DC sOW' l.oA/, GLASS 
X X 200 RT 10 mTorr PULSEDOC SOW I I.OAl. GLASS 
X X X lOO RT 10 mTOfT PULSED DC SOW f LOAl, GLASS 
C - Thickness X X 2. RT 10 mTorr PULSED OC IOOW I J.S~. Gi.J\SS 
X X SO RT 10 mTorr PULSEO OC IOOW / 3.SAI. GUSS 
X X .00 RT 10 mTorr PULSEO DC looW I HAI. GLASS 
X X 200 RT 10 mTorr PUlSED DC IOOW / 3SAI. GLASS 
X X X SOO RT 10 mTorr PULSED OC looW IJ sAl. GLASS 
D· Thickness X X 2. RT 2 mTorr PULSED DC I OOW / 27~. GLASS 
X X SO RT 2 mTorr PULSED OC IOOW / 27Al. GLASS 
X X .00 RT :1: mTorr PULSED OC IOOW / 27A!. GLASS 
X X 200 RT 2 mTorr PULSED OC IOOW / 2 7A!. GLASS 
X X X lOO RT 2mTOIT PULSED DC IOOW / 2.7Al. GLASS 
E· Thickness X X 2. RT Sx l0-6 Torr EVAPORATED - 4 9% / 1 ~. GI.J\SS 
X X ,. RT S!lI 0-6 TOIT EVAPORATED - 4.9% / IAI. GLASS 
X X ' 00 RT SICI 0-6 TOIT EVAPORATED - 4.9% / IAI. GLASS 
X X 200 RT SIC 10-6 TOIT EVAPORATED - 4.9"!.I ]Ai. GLA SS 
X X X X lOO RT SIC] 0-6 TOIT EVAPORATED - 4.9% / IAi. GLASS 
F • Thickness X X 2. RT SIC I0-6 TOIT EVAPORATED - 4.9% / I O~. GI.J\SS 
X X ,. RT Sx l0-6 TOIT EVAPORATED - 4.9% / IOAt. GI.J\SS 
X X .00 RT Sx l0-6 TOIT EVAPORATED - 4.9"!.I IOAl. GLASS 
X X 200 RT Sl l0-6 TOIT EVAPORATED - 4.9'!.I IOAl. GLASS 
X X X lOO RT Sx l0-6 TOIT EVAPORATED - 4.9% / IOAl. GLASS 
G· Tanpenllll"e .00 SO 5x l0-6 TOIT EVAPORATED - 49% ( I,u. GLASS 
• 00 7 • Sx l0-6 TOIT EVAPORATED - 4 9% / IAI. GLASS 
• 00 .. Sx 10-6 TOIT EVAPORATED - 4.9% / IAI. GLASS 
X .00 II I Sx 10-6 TOIT EVAPORATED - 4 9% / IAI. GLASS 
.00 III Sx l0-6 TOIT EVAPORATED - 4.9% / IAI. GLASS 
.00 
." Sx l0-6 TOIT EVAPORATED - 49%flAI. GLASS X .00 .60 Sx l0-6 TOIT EVAPORATED - 4.9% / IAI. GLASS 
38· Temperature X X • 00 3 • 10 mTorr PULSED DC SOW / LO~. GLASS 
X X .00 ,. 10 mTOIT PULSED DC SOW/ I.oAf. GLASS 
X X • 00 7 • 10 mTOIT PULSED DC SOW/ l oAf. GLASS 
X X .00 .. 10mTOIT PULSED DC SOW/ LOAf. GLASS 
X X • 00 11 • 10mTOIT PULSED DC sow / LoAf. GI...ASS 
X X .00 
." 10 mTorr PULSED OC SOW I LOAf. GLASS X X • 00 ]4S 10 mTorr PULSED DC SOW/ LOAf • GLASS 
X X ' 00 .60 10 mTorr PULSED DC SOW/ I.oAf. GLASS 
X X ' 00 
'" 
10 mTOIT PULSED DC SOW/ I.oAf. GLASS 
X X .00 
'" 
10 mTorr PULSED DC SOW / 1.oAf. GLASS 
S8 · Temperature X X SOO SO 10 mTOIT PULSED DC SOW/ I O~. GLASS 
X X X SOO 7. 10 mTorr PULSED DC SOW noAl. GLASS 
X X lOO .. 10 mTorr PULSED DC SOW / I.ON. GLASS 
X X X lOO 11 . 10 mTorr PULSEDOC SOW / I.OA/. GLASS 
X X SOO 
'" 
10mTorr PULSED OC SOW / l .OA/. GLASS 
X X SOO 
." 10 mTorr PULSED DC SOW / 1.oAf. GLASS X X X SOO .60 10 mTorr PULSED OC SOW / 1.oAf. GLASS 
X X lOO 
'" 
10 mTorr PULSED DC SOW / l.oAf. GLASS 
X X X lOO 
." 10 mTorr PULSEDOC SOW / l.OA/. GLASS 
H · Temperuure X X X SOO 3. 10mTorr RF 4SW / I ~. GU,SS 
X X SOO SO 10mTorr RF 4SW / 1 W. GLASS 
X X X SOO 7. 10 mTorr RF 4SW / 1 W. GLASS 
X X lOO .. 10mTorr RF 4SW / J.W. GU,SS 
X X X lOO 11 . 10 mTorr RF 4SW / 1.2Af. GlASS 
X X X lOO 
." 10 mTorr RF 4SW / 1 W. GLASS X X X SOO 
." 10 mTorr RF 4SW / I W. GU,SS X X X X lOO .60 10 mTorr RF 4SW / 1 W. GLASS 
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APPENDIX 2: CONTINUED 
Analysis 
Series Name and • Thickness. SubSlrate Sputtering Deposition Substrate ~ v :; Power/rate Variable • '< E " 
tem peratu re, 
Pressure Type material ~ ~ ;;; '" .. .m 'C V> ;;; 
SW Series X X 
"'" 
lOO 10 mTorr PULSED DC IOW 1 1.3~5 GLASS 
alumi nium cootmt X 500 lOO 10 mTorr PULSED DC !SW I UAis GLASS 
using H8 lIS Bi$llluth X X '00 lOO 10 mTorr PULSED DC 20W I I .JAiI GLASS 
deposition X '00 lOO 10 mTorr PUlSED DC 25W I I.3A1s GLASS 
X X '00 lOO 10 mTorr PULSED DC JOW I DAIs GLASS 
SIC\! Series X X '00 lOO 10 mTOIT DC 2W I 1.3Afs GLASS 
aluminium content X '00 lOO 10 mTOIT DC l ,4W I uAls GLASS 
using Ha as Bi5ll1uth X X '00 lOO 10 mTorr DC 5.IW / I.3A1s GLASS 
deposition X '00 lOO 10 mTOIT DC 6.SW I I .JAls GLASS 
X X '00 lOO 10 mTorr DC SW I I.lA/, GLASS 
1 series X X '00 30 ]0 mTorr RF 22W I O.4~s Glass 
Temperature X X '00 lI. 10 mTorr RF 22W I OAMs Glass 
X X )00 lOO 10 mTorr RF 22W I OAA/s Glass 
Sa -Series X X 
"'" 
30 10 mTorr RF 22W / O.~~s Si100 
Silicon 100 X X 
"'" 
lI. 10 mTorr RF l2W I O.4AJs Si 100 
Tempen.rure X X )00 lOO 10 mTorr RF l2W / O.4A/s SHOO 
X X )00 ). 10 mTorr RF 4SW I I.Ws 5il00 
X X )00 lI. 10 mTOIT RF 4SW I l.Ws 5iloo 
X X )00 lOO 10 mTorr RF 4SW / I.W! 5il00 
5iJ series X X )00 ). 10 mTOfT RF 22W / O.4~S 5i lll 
Silicon I11 X X )00 1I. 10 mTorr RF 22W 10AA/. 5illl 
Temperature X X '00 lOO 10mTorr RF 22W 10AA/. 5i lll 
X X )00 ). 10mTorr RF 4SW I I.W. Sil l l 
X X '00 1I. 10mTOrT RF 4SW I LW. Si l ll 
X X )00 lOO 10mTorT RF 4SW ! I.2AJ5 Si ll I 
SbHseries X X lOO ). 10 mTorr RF SOW! U.~s Gi~ 
antimony deposited X lOO 90 10 mTorr RF SOW I I.Ws Gl~ 
as SiH series X X lOO 1I. 10 mTorr RF SOW I I.Ws Gi~ 
Temperature X lOO 12J 10 mTorr RF SOW I I.2Als Giw 
Glass X lOO 14) 10 mTOIT RF SOW I I.Ws Glass 
X lOO lOO \0 mTOIT RF SOW 1 1.2A/s Gl", 
X X lOO 17J 10 mTorr RF SOW I DAIs Glass 
5bH series X lOO ). 10 mTorr RF SOW / I.~s SilOO 
antimony deposited lOO 90 10 mTOIT RF SOW I l.W. Si 100 
as SiH series X lOO 1I. 10 mTorr RF SOW ( LW, Si 100 
Temperature lOO 12J 10 mTorr RF SOW I l.W. Si 100 
Silicon 100 lOO 14) 10 mTorr RF SOW 1 l.2A1. Si 100 
lOO lOO 10 mTorr RF SOW 1 l.2A1. SHOO 
X lOO 17J 10 mTorr RF SOW I LWs SilOO 
5bH series X lOO ). 10 mTorr RF SOW I L~S 5illl 
antimony deposited lOO 90 10 mTorr RF SOW I LW. Sill I 
as SiH series X lOO 1I. 10 mTorr RF SOW I I .Ws 5illl 
Temperature lOO 12' 10 mTOIT RF SOW I I.Ws 5illl 
Silicon II I lOO 14' 10 mTorr RF SOW ! I.Ws Silll 
lOO lOO 10 mTorr RF SOW ! LWs Silll 
X lOO 17J 10 mTorr RF SOW ! I.2A1s 5illl 
5ampleNT '00 1I. 10 mTorr RF 22W ! O.4~S Gi ... 
no rotation X '00 1I. 10 mTorr RF 22W / 0.4A1s Si 100 
5ubsII1l1e '00 1I. 10 mTorr RF 22W 10.4A1s Si ll I 
Thinner-films X 2. 1I. 10 mTorr RF 22W 1 0.4~s Glass 
Thickness X 
" 
1I. 10 mTorr RF 22W 10.4A/s Glass 
X lOO 14' 10 mTorr RF 22W 10AAls Glass 
X 2S0 14' 10 mTorr RF 22W 10.4A1s GlIISS 
low rate" other ttmpS X '00 14' 10 mTorr RF 22W 1 0A~s GW 
SubslTlIte X '00 14' 10 mTorr RF 22W l OAM, GI,.. 
'00 14' 10 mTorr RF 22W 10AMs Si 100 
X '00 12J 10 mTorr RF 22W l OAM. Gw 
X '00 
'" 
10 mTorr RF 22W 10AA/s Glass 
X '00 12' 10mTorr RF 22W l OAN. Si 100 
X ,.. 1I. 10 mTOIT RF 22W 10AMs GoM 
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